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Titanium and its alloys are used in many areas of industry (aerospace, automobile, etc.). 
Adhesive bonding of titanium and titanium alloys is an industrial topic for approximately 
40 years. However, development of new surface pre-treatments based on environmentally 
friendly and non toxic chemicals to improve the durability of titanium bonded joints have 
gained more interest in recent years. The main aims of this thesis is focused on the 
development and examination of non toxic and environmentally friendly pre-treatment of 
Ti6Al4V prior to adhesive bonding using a conversion coating and anodization process
based on cerium (IV). The basic purpose of this employment is to investigate the 
influence of such surface treatments on the degradation mechanisms during aging of 
titanium oxide layer as well as on the shear strength and durability of Ti6Al4V/epoxy 
resin adhesive bonded joints system. This thesis also deals with the development and 
characterization of environmental friendly pre-treatment of pure titanium and Ti6Al4V 
before adhesive bonding using an etching process based on sulfuric acid. Such etching 
process was performed in order to generate microstructures and to increase roughness on 
the surface. Additionally, it was carried out to determine the hydrogen embrittlement 
behavior of pure titanium and Ti6Al4V alloy and its influence on the durability of bonded 
joints. The results show that surface treatments (conversion coating and anodization) in 
cerium (IV)-based solution lead to the formation of ultrathin cerium-based layers (< 10 
nm) consisting of CeO2 and Ce2O3 on top of the amorphous titanium oxide. Aging tests 
under hot-wet conditions reveal that such layers protect titanium oxide films against 
hydrothermal effects whereby a kinetic stabilization is achieved, i.e. kinetic inhibition of 
transformation of amorphous titanium oxide into crystalline state. However, it was found 
that such ultrathin cerium-based oxide layers on Ti6Al4V surface are not a qualified basis
layer for adhesive bonding applications due to their low cohesion strength and high 
affinity to carbon compounds from ambient air. The investigations of sulfuric acid etched 
samples reveal that a hydrogen-embrittled layer forms near the surface of pure titanium
substrate whereby the durability of bonded joints is negatively affected. In the case of 
sulfuric acid etched Ti6Al4V, no hydrogen embrittlement is observed. The findings also 
show that sulfuric acid etching generates microstructures on both substrate surfaces and 




Titan und Titan Legierungen werden für Leichtbaukonstruktionen aufgrund ihrer hohen
Festigkeit in Kombination mit der relativ geringen Dichte und der guten 
Korrosionsbeständigkeit genutzt. In vielen Industierebereichen insbesondere in der Luft-
und Raumfahrt wird aus diesen Gründen vorwiegend die Legierung Ti6Al4V eingesetzt.
Hinsichtlich klebtechnischer Anwendungen zeigt die Literatur, dass das Kleben von Titan 
und Titanlegierungen schon seit einigen Jahrzehnten ein industriell relevantes Thema ist.
In Zusammenhang mit dem Fügeverfahren Kleben vorwiegend in der Automobilindustrie 
und in der Luftfahrt, kommen bei Titan- und Titanlegierungswerkstoffen häufig
nasschemische Oberflächenvorbehandlungsverfahren zum Einsatz, um zu ein 
höchstmögliches Maß an Reproduzierbarkeit und Langzeitbeständigkeit zu gewährleisten. 
Oftmals werden solche Verfahren unter Verwendung von giftigen oder
umweltschädlichen Chemikalien (z.B. Chrom(VI)-haltigen Lösungen) eingesetzt. Die 
Entwicklung von neuartigen Oberflächenvorbehandlungsprozessen auf Basis von 
umweltfreundlichen und nicht toxischen Chemikalien zur Verbesserung der 
Langzeitbeständigkeit von Titan Klebeverbindungen haben in den letzten Jahren jedoch
mehr an Interesse gewonnen. Das Hauptziel der vorliegenden Arbeit besteht in der
Entwicklung und Untersuchung von neuartigen Konversions- und
Anodisierungsverfahren auf Basis von Ce(IV) für die Titanlegierung Ti6Al4V. Von 
zentraler Bedeutung ist hierbei die Erforschung des Einflusses dieser
Oberflächenmodifizierungen auf die Degradationsmechanismen der Titanoxide während 
der Alterung sowie deren Einfluss auf die Zugscherfestigkeit und Alterungsbeständigkeit 
entsprechenden Klebverbindungen. Zusätzlich wurde im Rahmen dieser Dissertation die
Wasserstoffversprödungsverhalten von reinem Titan und der Ti6Al4V-Legierung durch 
das Beizen in Schwefelsäure sowie die resultierenden Auswirkung auf die 
Langzeitbeständigkeit der Titan-Klebverbindungen untersucht. Das Ziel des 
Beizprozesses ist die Entfernung der inhomogenen natürlichen Titanoxid-Schicht und die 
Strukturierung der Oberfläche im Hinblick auf eine für das Kleben geeignete Mikro- bzw. 
Nano-Rauhigkeit. Die Ergebnisse zeigen, dass die Konversions- und
Anodisierungsverfahren in der Ce(IV)-basierten Lösung zur Bildung von ultradünnen (< 
10 nm) Schichten führt, die aus CeO2 und Ce2O3 bestehen. Beschleunigten
Alterungsexperimente unter feucht-warmen Bedingungen zeigen, dass die Titanoxid-
vi
 
Schichten durch diese ultradünnen Ceroxid-Schichten gegen Degradation geschützt 
werden. durch eine kinetische Stabilisierung wird die sonst unter hydrothermalen 
Bedingungen stattfindende Phasenumwandlung vom amorphen zu kristallinen Zustand 
deutlich verzögert bzw. verhindern wirf. Die Untersuchungen an geklebten Proben deuten
darauf hin, dass die ultradünnen Ceroxid-Schichten aufgrund ihrer geringer
Kohäsionsfestigkeit und ihrer hohen Affinität zu Kohlenstoffverbindungen aus der Luft 
keine geeigneten Grundlagen für klebtechnische Anwendungen bieten. Die 
Untersuchungen an gebeizten Titan-Substraten im Schwefelsäure-Bad weisen die Bildung 
einer Wasserstoffversprödungsschicht im oberflächennahen Bereich auf, wodurch die 
Alterungsbeständigkeit der Klebverbindungen negativ beeinflusst wird. Im Gegensatz 
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Titanium and its alloys are used in many fields such as aerospace, automobile, chemical 
and electrochemical industries as well as in the medical technology (1,2). The aerospace 
industry is a major market for titanium products primarily due to the exceptional strength-
to-weight ratio, and high stability at elevated temperatures and excellent corrosion
resistance of this material (2). The good corrosion resistance of titanium and its alloys is 
provided by a passive film, spontaneously formed on the metal surface by contact to the 
ambient air (1,2). Ti6Al4V alloy is an important construction material for aerospace 
industry(2).
Today, adhesive bonding is preferred over the conventional methods of joining metals (e.g. 
riveting, welding, bolting and soldering) in many industrial regions due to the advantages 
of it as compared to conventional bonding techniques which will be discussed in the next 
section (3,4).
In order to produce strong and durable adhesive joints between two titanium substrates, 
surface treatments are necessary (e.g. wet-chemical surface treatments). Nature of the
surface treatment prior to bonding is found to be a major influence in the control of this 
effect (3-5). Wet-chemical surface treatments cause by chemical reactions chemical, 
physical and morphological modifications to titanium and titanium alloy surfaces. In the 
past, many wet-chemical surface treatments of titanium and titanium alloys for adhesive 
bonding were developed. However, most of them are based on toxic and environmentally 
hazardous compounds such as etching in nitric-hydrofluoric acid and hydrochloric acid as 
well as pickling and anodization in chromic acid-based solutions (6-9). The most important 
surface treatments of titanium and titanium alloys for adhesive bonding are summarized by 
P. Molitor (7) and G.W. Critchlow (10). Most effective wet-chemical surface treatment 
processes are based on toxic and environmentally hazardous compounds. Therefore, 
seeking alternative non-toxic and environmental friendly surface treatment methods is 
necessary and urgent. One of the most promising of the new generation of wet-chemical 
surface treatments is based on rare earth metals (11-16), especially cerium (17-22), which are 
recognized as having relatively low toxic effects (23). Most researchers have investigated 
the influence of cerium-based surface treatments on corrosion resistance of aluminum, 
steel and magnesium substrates (20,21,24,25). Nevertheless, there are no studies about the 
influence of such surface treatments on adhesion properties of titanium and titanium alloy 




terms of adhesion, it is well known that cerium-based coatings on aluminum substrates are 
a qualified basis layer for different lacquer systems (26).
One of the problems that occur with titanium adhesive joints under hot-wet conditions is 
the transformation of amorphous titanium oxide into titanium oxide crystals or the 
conversion of anatase to rutile modification which leads to failure of titanium bonded 
joints due to the change of volume in the interphase (27). It is well known that doping of 
CeO2 into TiO2 powder (anatase) shifts the phase transformation from anatase to rutile to a 
higher temperature, i.e. kinetic stabilization of anatase modification (28-31).
Ti6Al4V alloy was used as the main substrate material for all investigations in this work. 
Additionally, cp titanium (Grade 1 in ASTM classification) was used as reference material 
in order to determine the influence of the alloying elements Al and V in the Ti6Al4V alloy 
on the surface pre-treatments as well as on the aging behavior of titanium oxide layer.
With regard to surface treatments, an etching process based on sulfuric acid has been 
examined for Ti6Al4V alloy and cp titanium in this study. After sulfuric acid etching both 
Ti6Al4V alloy and cp titanium were determined for hydrogen embrittlement. It was found 
that a hydrogen-embrittled layer formed in the surface region of cp titanium substrate. 
Therefore, the influence of the hydrogen-embrittled layer on fracture strength and 
durability of cp titanium bonded joints were studied. In the next step a conversion coating 
and an anodization process based on ammonium cerium sulfate dihydrate solution were 
examined. The main objective of this study was to determine the stability of deposited 
cerium-based layers on titanium substrates under hot-wet conditions. In particular the 
influence of them on aging behavior of titanium oxide layer as well as on bonding 
performance of Ti6Al4V alloy bonded joints before and after durability test. Besides
sulfuric acid etching and anodization in cerium-based solution, also alkaline-based etching 
and sulfuric acid anodization were carried out in order to compare the bonding 
performance of both differently etched and anodized bonded joints before and after 
durability tests.
Aiming at investigating the stability of cerium-based layer and its influence on 
deterioration behavior of titanium oxide film, three different aging tests were carried out in 
a conditioning cabinet (40°C ± 1°C, RH ~ 80%, 2160 h), in water (80°C ± 1°C, 48 h) and 
in an autoclave (120°C ± 1°C, RH ~98%, 2 bar, 48 h and 168 h). Finally, lap-shear test 
were carried out in order to study the influence of cerium-based layers on the bonding 





2.1 Adhesive and Adhesive Bonding
An adhesive is defined according to DIN EN 923 as a not metallic material which can 
bond adherends together by surface interactions (Adhesion) and inner strength 
(Cohesion)(3).
Adhesive bonding is described as bonding same or different substrates under application
of an adhesive (3). Modern applications for adhesives and adhesive bonding are very 
diverse, ranging from aircraft (e.g. bonding of titanium and titanium alloys), automobile, 
railway vehicle and medicine to civil applications (3). Adhesive bonding has several 
advantages over conventional mechanical fasteners, such as rivets, bolts, and welds. 
These advantages include: weight reduction, no thermal influence on adherends bulk, the 
ability to bond very thin adherends as well as complicated parts, high dynamic strength as 
well as high damping of vibration, and the ability to bond different materials with 
different properties (e.g. joining of Ti6Al4V alloy to poly(etherketoneetherketone) (32)). 
However, this bonding technique has also a few disadvantages such as (3) surface 
treatment of adherends (see section 2.6) before bonding, durability of adhesive joints (e.g. 
titanium bonds (10)), demounting of adhesive bonds, limited thermally deformation 
resistance of adhesives and limited possibility of repair of adhesive joints.
The reliability of adhesion technology is often measured in terms of the ability of an 
adhesive joint to maintain its primarily strength despite long term exposure to various 
weathering and stressing conditions that can exist in the service environments of 
manufactured products. This property is often referred to as bond durability. The 
performance/durability of an adhesive joint depends on several criteria such as material 
properties of the adhesive and adherend, the physical-chemical interactions between 
adhesive and substrate, bonding conditions, adherend geometry, residual stresses in the 
join as well as imperfection in the bondline and interphase.
Different theories have been proposed to explain adhesive bonding (see section 2.3). 
However, there is no universal model which can describe adhesive bonding. Because 






Determining of interphase properties is essential to understand adhesive bonding and 
adhesion. The interphase is a thin region between the bulk adherend and the bulk adhesive 
(5), as depicted in Figure 2.1. The interphase region is expected to have mechanical 
properties different from either the adherend or the adhesive. Mechanisms of 
environmental degradation leading to failure in the interphase include (33): 1) 
Displacement of adhesive on adherend (e.g. by water) due to the break-off of secondary 
bonds at the adhesive and adherend interface, 2) Mechanical attenuation and failure of the 
oxide layer and 3) failure in a boundary layer of adhesive close to the substrate surface 
(i.e. at the interphase). This layer known as “weak boundary layer” and has low strength 
properties as compared to bulk adhesive (3). Weak boundary layer forms because the 
reactive group of the adhesive which is attached to an oxide layer (in the case of a metal 
substrate), cannot attend to the polymerization reaction of the adhesive. This is the reason 
for breakdown of the polymer structure close to adherend surface (3). Another reason for 
formation a weak boundary layer is believed the affinity of low molecular weight polymer 
fragments to segregate on rough or porous surfaces whereby the crosslink 
density/stoichiometry at the interface is changed (35).




2.3 Theories and Mechanisms of Adhesion
Over the years different theories have been proposed to provide an explanation for the 
phenomena of adhesion. However, the mechanisms of adhesion are usually system 
specific. In the case of variety of adhesive, adherend, and environment none of the 
proposed theories are universal and can individually explain all aspects of adhesion. In the 
following these theories will be briefly described.
2.3.1 Diffusion Theory
In the 1960s, Voyutskii (97) proposed the diffusions theory which based on interfacial 
interdiffusion of polymer chains when an intimate contact exists between two polymers. 
That means the polymer segments/chains penetrate into a second polymer and vice versa. 
This mechanism can occur only when the polymers are mutually soluble and the 
macromolecules from the respective polymers are sufficiently mobile (4,36,37). However, 
when the solubility parameters of the polymers are dissimilar or when one polymer is 
highly crosslinked/crystalline, then interdiffusion is an unlikely mechanism (37). Bonding 
in the current study involves epoxy adhesives and metallic substrates. Thus, it is not 
expected that diffusion between polymeric components and metallic substrates contributes 
to adhesion in this investigation.
2.3.2 Mechanical Interlocking Theory and Surface Roughness
MacBain and Hopkins proposed the mechanical interlocking theory in 1925 (38). Their 
works were more specifically devoted to wood bonding. The authors supposed that a low 
viscose adhesive can flow into the pores/irregularities on the surface of a solid substrate 
and solidify. This mechanical keying would prevent the adhesive from being pulled off 
the surface of the substrate. This interlocking mechanism is found on porous or rough 
substrates such as wood, fabric, and paper (36,37). By increasing the surface roughness, an 
increase in effective surface area occurs which enhances the capability to formation of 
mechanical interlocking and chemical bonds in the interface region (3,39). Numerous 
studies confirmed that mechanical interlocking and surface roughness plays an important 
role in titanium and titanium alloys bonding (32,40-43). Durability studies of Ti6Al4V alloy 
reveal that surface preparations that cause no increasing of surface roughness yield the 




adherend surface as shown in studies by Gila et al. (44) and Nitowski (45). Furthermore, it is 
possible that increasing roughness reduces the bond strength of adhesive joints (3,9). The 
conclusion therefore is that mechanical interlocking and surface roughness are important 
factors that contribute to adhesion in most cases. 
In the present study, the roughness evaluations are based on 2D profile measurements 
(LPM). Profile parameters are often divided into three groups, namely amplitude (e.g. Ra
and Rmax), spacing and hybrid parameters (46). The average roughness (Ra) was used in 
this study to quantitative characterization of the surface roughness. Ra is defined as the 
arithmetic average of the absolute height value of all points in the profile or center line 
average height (CLA) (46). This is shown in (Figure 2.2).
The average roughness (Ra) is given by equation 2.1:
                                                                                        2.1
where f(x) is the profile measured from the reference mean line and L is the length of the 
profile being assessed (46).
               Figure 2.2: Schematic view of average surface roughness Ra (46)
2.3.3 Electrostatic Theory
According to electrostatic theory proposed by Deryaguin (47), if two materials with 
different electronic band structures come into intimate contact with each other, electrons 
are transferred across the interface to balance the Fermi levels. This transfer creates an 
electrical charge double layer at the interface which gives a force of attraction. Possart










studies suggested that the interfacial charge is a fairly important factor to explain initial 
adhesive. Kinloch (37), in reviewing this mechanism, provides some examples where the 
electrostatic forces due to an electric double layer were small relative to forces of 
molecular attraction (e.g. van der Waals interactions) between the bonding surfaces. He 
also provides several examples where the measured adhesion strength cannot be explained 
by the electronic theory. This theory is more important in particle adhesion and less 
applicable to interactions among plane surfaces. (50,51).
2.3.4  Physical Adsorption Theory
The adsorption theory is based on physical interactions between atoms and molecules. 
Such physisorption can occur across the adhesive and substrate interface when the atoms 
and molecules on both surfaces come into intimate contact. This attractions includes van 
der Waal’s forces (dipole-dipole, inducted dipole-dipole, dispersion forces) as well as 
hydrogen bonds (36,37). This theory is the most widely applicable theory in adhesion 
science because it contributes to almost all adhesive bondings. Van der Waal’s forces and 
hydrogen bonds have bond energies ranging from 0,08 to 42 kJ/mol and so are the 
weakest of all interatomic/intermolecular forces (37,52).
2.3.5 Chemical Bonding Theory
The chemical bonding theory involves covalent, ionic, and metallic bonds. Metallic bonds 
occur only between metallic atoms but not among polymer and metallic atoms. Kinloch 
(37), in reviewing this theory, provides some examples where chemical bonds improve the 
adhesion strength as well as the durability of the adhesive joints. However, chemical 
bonds can contribute only to a significant improvement of the environmental resistance of 
the adhesive joints regarding the attack by moisture if they are stable to hydrolysis (e.g. 
chelate bond) (4). Chemical bonds are desired across adhesive and substrate interface but 
they are much more difficult to obtain as well as to assess. A common possibility to 
obtain chemical bonds at interface is the application of coupling agents such as silans
(10,37,41,53,54,55). Chemical bonds have bond energies ranging from 63 to 1050 kJ/mol. 
Besides van der Waal’s interactions and hydrogen bonds, there is an intermolecular force 
which is based on acid-base interaction (donor-acceptor interaction) (5,36,37). In order to 
obtain such interaction, it is important to achieve an intermolecular distance 	 1 nm (34).




suggests that one can improve fracture strength by predictably enhancing the interfacial 
acid-base interactions (57). This interaction actually involves both covalent and ionic 
factors (5). Metal oxide surfaces, such as titanium-, aluminium-, or iron-oxide, are under 
ambient conditions generally hydroxylated (58-61). The hydroxyl group can act as either an 
acid or a base (1,62,63). Titanium dioxide exhibits both acid and base characters (see section 
2.5).
Bloger (64,65) investigated a metal/polymer system. He claimed that in the studied system 
the only forces, in addition to dispersion forces, are acid-base interactions. Thus, he
proposed the following universally reactions between polymer and metal oxide surface:
- With an organic acid polymer
2.2
-With an organic base polymer
2.3
where: X = O, S, or N; and R = organofunctional group and polymer chain.
Another important concept regarding reactivity of oxide surfaces is that of coordinative 
unsaturation. This implies the presence of surface sites where the coordination of metal 
and oxygen is not optimal. Coordinatively unsaturated ions are clearly capable to act as 
acidic or basic adsorption sites. However, these ions are bonded to the lattice less strongly 
than coordinatively saturated ones. Thus, they may be more easily removed, for example 
in oxidation reactions. Defects in oxide layers (e.g. oxygen vacancy) obviously have a 
greater degree of coordinative unsaturation. This increases their acidic and basic 
characters and lead to greater reactivity. Such sites could also have different electronic 
features; for instance, oxygen could presence as O and metal ions may have additional 
electrons present. Therefore, defects can acts as sources or sink for electrons, and thereby 
promote oxidation or reduction reactions (66).
2Metal OH HX R Metal HO HX R Metal O H X R
 
          
2Metal OH HX R Metal HO HX R Metal O H X R 
 




2.4 Wettability and Surface Tension
Wetting is necessary and essential to create a sufficiently intimate molecular or atomic 
contact between the adhesive and the substrate. This is important to physical adsorption of 
adhesive molecules on the substrate as well as to formation chemical bonding and 
molecular interactions between the adhesive and the adherend (3-5).
According to the surface properties of the solid material, nature of liquid used and the 
vapor to be found in the environment, the drop of liquid forms a contact angle  among its 
surface and the solid material surfaces. Once the drop of liquid comes to rest, interfacial 
tensions or energies () occurs between liquid-vapor (LV), solid-gas (SV), and solid-
liquid (SL), respectively. This is represented schematically in Figure 2.3.
Figure 2.3: Schematic view of a liquid drop resting at equilibrium on the surface showing the contact angle 
 between the drop of liquid and the solid material surfaces as well as the occurrence of different interface 
tensions (3-5)
When the drop of liquid is at rest, there is an equilibrium between the interfacial tensions, 
as well. Young equation (Equation 2.4) describes the interrelationship between the contact 
angle and the interfacial tensions (4,5):
                                                                                       2.4
If the contact angle  is equal to zero, the liquid wets the solid material surfaces complete 
(spreading), i.e. the surface energy of the liquid is lower than the surface energy of the 
solid material surfaces. When the contact angle  is greater than 90°, it is said the wetting 
is minimal. In the case of a contact angle  less than 90°, it is said the wetting is 
incomplete, however, the wettability of the solid material is dominated as good. If the 
contact angle  is equal to 180°, the liquid does not wet the solid (4,5).




It is well known that besides the chemical surface composition also the surface 
morphology affects the wettability. In this regard, Wenzel (67) proposed that wetting 
properties are influenced by the amount of effective surface area that can actually interact 
with the liquid.
The surface tension of a solid cannot be measured directly, but the surface energies of 
solids can be indirectly estimated by contact angle measurements. Depending on the 
surface chemistry, the solid-liquid interfacial tension (SL) can be influenced by polar 
(hydrogen bonding, acid-base) and dispersive (van der Waals) interaction. According to 
Owens and Wendt model, the solid-liqid interfacial tension (SL) can be calculated by 
subtracting the polar and dispersive part of the interfacial tension in the following 
equations (68):
                                                        2.5
Agreeing to van Oss approach the solid-liquid interfacial tension (SL) can be calculated 
by the following equations (69):
                                     2.6
In the current study, the surface tensions of different treated substrates have been 
calculated using both approaches. 
2.5 Titanium and Titanium Alloys
Titanium is not a rare substance as it ranks as the ninth most copious element and the 
fourth most plentiful structural metal in the Earth’s crust exceeded only by aluminum, 
iron and magnesium (2). The aerospace industry is a larger market for titanium products 
primarily due to the exceptional strength-to-weight ratio, high stability to elevated 
temperatures and good corrosion resistance (2). Titanium is an allotropic element which 
can exist in two crystallographic forms, namely as hexagonal (alpha phase) or body-
centred cubic structure (beta phase) (2). The alpha phase exists at room temperature and 
transforms to beta phase when solid titanium is heated to temperature above 883°C as 
well as when liquid titanium solidifies. The alpha and beta phase are the basis to classify 
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the titanium alloys in three groups, namely alpha, alpha-beta and beta (2). It is possible to 
stabilize these crystal structures at room temperature by alloying titanium metal with 
other elements. Common alloying elements used to stabilize the alpha phase include 
aluminum, oxygen, nitrogen and carbon, whereas those used to stabilize the beta phase 
include niobium, molybdenum, tantalum, chromium, vanadium and iron. (2). Titanium 
grade 1 is characterized by the lowest oxygen concentration as well as least strength as 
compared to the other titanium grades (2). Ti6Al4V alloy and titanium Grade 1 have been 







Titanium has a high affinity to oxygen; therefore, an oxide film spontaneously forms on 
the surface of titanium and its alloys by contact to ambient air. This film is responsible for 
the corrosion resistance (passivity) of titanium and its alloys (1,2). The formation of the 
oxide layer at the surface can generally be divided into four steps, namely adsorption of 
oxygen on the surface, nucleation, lateral nucleation, and growing of a compact oxide 
layer (2). The incipient air-formed oxide film on titanium is a few nm (4-8 nm) thick and 
predominantly amorphous (6, 59). Numerous investigations have shown that this type of 
natural surface film on cp titanium consist of a mixture of TiO2 (dominant), Ti2O3 and 
TiO, while for titanium alloys, the alloying elements are additionally present in oxidized 
form within the oxide layer (e.g. Al-Oxide, V-Oxide) (6,59,70-76). The natural as well as
artificial oxide layer formed after etching, heat treatment, or anodization in varying 
electrolytes consists mostly of TiO2 (6,58,59,70,77,78) which is more stable than Ti2O3 and TiO
(1,2). It is known that the surface oxide film on titanium and titanium alloys consists of an 
outermost layer of chemisorbed water, a hydroxylated region and the innermost oxide 
film as well as an overlayer of adsorbed organic compounds that covers the entire oxide 
film (1,58). In a study by Milosev et al. (230), angle resolved XPS investigations of an air-
formed titanium oxide layer (thickness < 10 nm) have shown that such layers
predominantly consist of TiO2 as well as small amount of Ti2O3 and TiO located near the 
oxide/metal interface. Thus, the oxide system can be modeled by the layered structure 




Figure 2.4: Typical cover layers at titanium surfaces showing the presence of TiO2 (dominant), Ti2O3 and 
TiO within naturally formed titanium oxide layer as well as the adsorption of carbon containing compounds 
and water molecules on top of it (1)
Titanium dioxide has an amphoteric character, i.e. it exhibiting both acid and base 
properties (Figure 2.5) (80-83). Several researchers have confirmed by means of XPS 
investigations the presence of basic and acidic hydroxide groups attached to titanium 
cations on the surface (62,63,84). The two types of hydroxides have been coupled to different 
binding to the Ti surface cations with the basic hydroxide coordinated to one Ti cation 
(top coordination) and acidic hydroxide coordinated to two Ti cations (bridge 
coordination; leading to increased polarization and electron transfer from the oxygen atom 
to the Ti cation)(1). However, TiO2 is classified as an acid amphoteric oxide (85-87).
Titanium dioxide is a polymorphic material, that means it exists in three different 
crystallographic forms, namely rutile and anatase with tetragonal (Figure 2.6) as well as 
brookite with orthorhombic structure (1,88).
Several Studies have shown that anatase and brookite phases transform to the rutile phase 
at temperatures up to 500°C (89-93). Rutile is thus the thermodynamically stable 
modification at high temperatures. Anatase seems to be the kinetically favorable phase 
over rutile at room temperature (94).
However, a number of authors reported that particle size can have a strong influence on 
the relative phase stability of anatase, brookite, and rutile. The particle size alterations
bring out changes of phase transition temperatures (94-98). It is well known that doping of 
some oxides such as CuO, CeO2, or SnO2 into titanium dioxide particles shifts the phase 
transformation from anatase to rutile to a higher temperature (28-31). De Farias and 




This means that such dopings of titanium dioxide (anatase) cause a kinetic stabilization of 
the anatase phase.
Figure 2.5: Schematic view of titanium dioxide layer 
with basic and acid hydroxide cations groups 
coordinated to Ti (1)
Figure 2.6: Schematic view of the crystallographic unit 
cell of anatase and rutile showing tetragonal structure
(white: Ti, Black: O) (1)
2.6 Surface Treatment
In general, surface treatment is understood as preparation of materials for the deposition, 
conversion, or removal of surface layers using different surface techniques as well as 
generation of certain surface morphologies and structures (99).
In order to produce a strong and durable adhesive joint between different substrates, 
optimizing of adhesion forces between adherend surface and adhesive is necessary. The 
optimizing of adhesion between adherend surface and adhesive occurs by means of 
certain surface preparations/treatments which remove the contamination from the surface 




structures) at the adherend surface (3,5). This means that surface treatment improves the 
bond strength and ageing resistance of adhesive joints by altering the substrate surface in 
a number of ways including increasing surface roughness, increasing surface tension 
(wettability), increasing in chemical and mechanical stability of surface oxides, and 
increase in chemical interaction between adhesive and adherend. Generally, surface 
treatments consist of several steps (e.g. preparation and pre-treatment). Most of adherend 
surfaces with good adhesion properties show a great attraction for any type of 
contamination in the environment. Thus, it is a post-treatment (e.g. primer) necessary, if 
bonding cannot be performed directly after pre-treatment (3,4). Figure 2.7 provides an 
overview of some of the surface treatment methods.
The surface treatment methods used for different materials vary strongly. Thus, in the 
following are described only briefly the surface treatment methods which relate to surface 
treatments in the present study. Numerous surface treatment methods have been described 
in the Literatures (3,4,26,99). Critchlow and Brewis (10) as well as Molitor et al. (7)
summarized most of the surface treatments for titanium and titanium alloy.
Figure 2.7: Surface treatment methods for metals (3,4)
2.6.1 Cleaning
Contaminations such as dust, grease, oil, rust etc. can often be viewed and detected on the 
surface of most adherends, particularly as-received condition. Generally, it is essential to 
remove such contaminations from the surface because their presence has detrimental 
effects on surface pre-treatments as well as on surface properties regarding adhesive 




be carried out by chemical and mechanical methods (e.g. grinding or grit blasting). The 
chemical cleaning methods are discussed briefly in the following. 
The chemical cleaning methods based on organic solvents or aqueous cleaning agents. 
Halogenated hydrocarbons such as trichloroethane and dichloromethane as well as 
isopropanol and acetone are usually used as organic solvent. Most of aqueous cleaning 
agents contain surfactants, complexing agents, inhibitors, as well as additives to adjust the 
desired pH value and generally, their purifying effect is more efficient at higher 
temperatures (60°C-90°C) (3,4,26,99).
2.6.2 Etching
The formed oxide layer on any given metal surfaces by thermal exposure of the metal 
during the fabrication process is not uniform due to the existents of flaws, defects, local 
stresses, and non-uniform oxide thicknesses. Therefore, it is essential to remove such 
oxide layers from the surface before the subsequent surface treatments (e.g. conversion 
coating, anodization) as well as before adhesive bonding. This may be achieved 
chemically by etching. Etchants based on non-oxidization acids (e.g. hydrochloric acid, 
dilute sulfuric acid) or alkaline etchants cause a dissolving of the oxide layer at the metal 
surface which results in removal of the oxide layer. Depending on the material, such 
caustics are capable to remove the oxide layer and the metal near the surface region, if 
etching times are enough long (4,26,99). Furthermore, the surface becomes rough in its 
submicroscopic structure by these pickling processes (3,4). This may improve bond 
strength and durability of the adhesive joints (7,10,39). One of the major problems associated 
with acid etchants is hydrogen pick up by the substrate material (e.g. titanium) which can 
cause embrittlement of the metal (3,8,100-102). Generally, it is essential to avoid formation of 
hydrogen embrittlement because its presence has detrimental effects on the relevant 
applications and surface properties (e.g. brittle failure of adhesive bonded parts (102)). 
Sulfuric acid, sodium hydroxide, nitric-hydrofluoric acid mixtures, hydrochloric-
orthophosphoric acid mixtures, and sodium hydroxide-hyrdogen peroxide mixtures are 
some of the common etching treatments for titanium and titanium alloys which are 
discussed in review articles of Molitor (7), Critchlow (10) and Baldan (39).
In the year 1863 Saint Claire and Troost already found that hydrogen can diffuse into 
metallic substrate under certain conditions (103). This behavior of hydrogen is due to their 




atomic state (103). The process of hydrogen absorption from aqueous electrolytes based on 
a series of steps which is shown in the Figure 2.8.
In acidic solution, the first step is the transportation of protons (hydronium-ions) to the 
phase boundary metal/solution, where the reduction of protons to atomic hydrogen takes 
place according to Volmer equation (103):
                                                                              2.7
In alkaline solutions, atomic hydrogen is formed according to following equation (103):
                                                                                   2.8
The second step is the adsorption of hydrogen atoms on metal surfaces and the 
recombination of them to hydrogen molecules and than desorption as gas (Equation 2.9) 
(103).
                                                                               2.9
Furthermore, the adsorbed hydrogen atoms at the metal surfaces can diffuse into metal 
bulk and occupy the interstitial if the recombination process is blocked completely or 
partly, for example, by promoters (sulfides, phosphorus). 
Figure 2.8: Schematic view of reaction 
steps of reduction of hydrogen at the 
phase boundary metal/electrolyte (103)
It is assumed that the dissolved hydrogen atoms in metallic grid exist as proton. 
Therefore, the repulsion forces between interstitial protons and positively charged atom 
hulls of the metal lead to expansion of the metal grid (103). According to grit type norm of 




2H O e OH H 
  

ad ad 2ad 2H H H H




Somenkov and Shil’Stein (106), hydrogen atoms occupy the tetrahedral sites in metals with 
atom radii greater than 1.37 Å (Sc, Ti, Zr, etc.) but the octahedral sites in metals with 
atom radii smaller than 1.37 Å. Exceeding of the solubility limit of hydrogen atoms in 
metal grids leads to the formation of a hydride phase. The most common type of hydrides 
are dihydrides such as TiH2 (103). TiH2 may be formed from both cubic as well as 
hexagonal titanium modification (107). The hydrogen embrittlement has an influence on 
mechanical properties, especially on plastic deformation of metal substrate (108). The 
hydrogen-induced changes in mechanical properties may be viewed at a macroscopic 
view, as a special case of stress corrosion cracking. According to DIN 50922, stress 
corrosion cracking is understood as the formation of cracks in metals with simultaneous 
impact of certain corrosive media and tensile stress. In all cases, the stress corrosion 
cracking depends on material, medium, and mechanical stress (109). The failure of 
component parts due to stress corrosion cracking can be divided into three successive 
phase steps as following: 
- the incubation phase in which crack nucleus are formed
- the crack propagation phase in which, starting from crack nucleus, the crack is extended
- the final violent rupture which ultimately leads to component failure
The corrosive environment influences only the procedures in the first two phases, while 
the mechanisms of the final violent rupture just depends on mechanical stress. 
2.6.3 Chemical Conversion Coating
The term chemical conversion coating describes a process where a chemical change of 
metal surfaces occurs. This is possible by deposition of difficulty soluble salts formation
of oxide layers with different properties as compared to the native oxide layer on the 
metal surfaces (26,99). Chemical conversion coatings are commonly produced on various 
engineering alloys (e.g. Titanium, Aluminum, Steel, copper, etc.), to improve adhesion 
properties and as adequate corrosion protection (10,26,99). In the past, one of the most 
widely used conversion coating processes in aerospace and automobile applications 
contained Cr(VI) compounds (99,110,111) which is considered an environmental pollutant 
and an occupational health and safety hazard (112). Consequently, the search for alternative 
non-toxic conversion coatings has led to the development of various novel conversion 




systems is based on rare earth metals (11-16), especially cerium (17-22), which are recognized 
as having relatively low toxic effects (23).
A group of 15 transition metals in group III of the periodic table are called lanthanides or 
rare earth elements. The first of the rare earths, yttrium, was discovered just before 
beginning of the Nineteenth Century (1794) in a rare Swedish ore, and separated in the 
form of an impure oxide. The characteristic oxidation state for the rare earths elements is 
+3 (e.g. Lanthanum: La+3), i.e. three electrons in valence shell. They all exist in aqueous 
solutions as trivalent positive ions (113). Cerium is the most abundant element of the rare 
earths. It is one of few examples of stable rare earth ions in the tetravalent oxidation state 
which can be attributed to the empty 4f-shell in the [Xe] 4f0 electronic configuration of 
Ce4+(ceric). Furthermore, cerium is the only rare earth element that has a stable tetravalent 
oxidation state in aqueous solutions (114). Cerium dioxide (CeO2) is the most stable oxide 
of cerium which is formed in air or oxygen containing environments. The cerium 
sesquioxide (Ce2O3) can be prepared under reducing conditions, however, it is unstable in 
air as well as in water and is readily converted to cerium dioxide. As in the case of 
titanium dioxide, cerium dioxide has also an amphoteric character (115,116). In contrast to 
titanium dioxide, CeO2 is classified as a basic amphoteric oxide (85,86).
Cerium dioxide has the calcium fluoride (CaF2) structure, i.e. cubic closed-packed array 
(117). In contrast to cerium dioxide, the crystal structure of cerium sesquioxide can be 
visualized as a hexagonal close-packing (118).
2.6.4 Anodization
Anodization is a useful method to produce different types of oxide films on metal surfaces 
(e.g. biocompatible, corrosion protective, and porous oxide layers) (119). Anodic oxidation 
involves electrode reactions in combination with electric field driven metal and oxygen 
ion diffusion leading to the formation of an oxide film at the anode surface. The structural 
and chemical features as well as the thickness of the anodic oxides can be varied over a 
wide range by changing the process parameters such as anode potential, electrolyte 
composition, temperature, current density, and pH value (77). The main reactions leading 
to oxidation at the anode surface (e.g. titanium) are as follows (120):




                                                                                 2.10
                                                                          2.11
At the Ti/Ti oxide interface:
                                                                                         2.12
At both interfaces:
                                                                          2.13
The titanium and oxygen ions formed in these redox reactions are driven through the 
oxide by the externally applied electric field resulting in the formation of the oxide film. 
The applied voltage will mainly drop across the oxide film on the anode, because titanium 
oxides have higher resistivity than the electrolyte and the substrate. As long as the electric 
field is high enough to drive the ions through the oxide, a current will flow and the oxide 
will continue to grow (119,120). This explains that the finale oxide thickness (d) is almost 
linearly dependent on the applied voltage (U) during the anodization process (Equation
2.14) (119).
                                                                                                     2.14
Where a is usually a constant within the range 1.5-3 nm/V. 
Anodization titanium conventionally employs aqueous electrolytes of mineral acids such 
as phosphoric acid, sulfuric acid, hydrochloric acid, and chromic acid (5,10,78,121-125). In the 
past years, anodization of titanium and titanium alloys in chromic acid was the preferred 
surface treatment for structural adhesive bonding in aerospace industry (126). The choice of 
chromic acid over other electrolytes for anodization is related to porous nature of the 
oxide layer (honeycomb-like structure) formed during anodization (82,127). Based on 
porous oxide layer obtained via anodization in chromic acid, the surface area of adherend 
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as well as the degree of mechanical interlocking between adherend and the adhesive can 
be enhanced. Thus, the fracture strength and durability of bonded joints may be 
significantly improved (7,41). One of the drawbacks of the above anodization process is 
that the chromate (Cr VI) is toxic, environmentally hazardous and expensive to dispose
(112).
In this work, nitrate free chemicals were used to prevent the evaluation of toxic NOx
fumes at high temperature as well as halogen free compound due to their influence on 
ozone (greenhouse effect) (133). 
2.7 Durability and Failure Modes of Adhesive Joints
To investigate the capability of surface treatment to improve adhesion properties as well 
as to protect the surface against aging processes, it is generally essential to carry out 
accelerated deterioration test to distinguish the surface treatment quality. 
In the literature, with regard to the durability of adhesive joints, oxide films (in the case of
a metal substrates) and surfaces, humidity (water) and temperature are referred to as the 
most environmental influences (3-5,42,44,128-131). Water can penetrate into the interfacial 
areas and the bondline via diffusion processes or capillary attraction and produces 
significant property changes of the adhesive as well as of the oxide film or the adherend 
surfaces (3-5). It is also well known that at elevated temperatures water can diffuse faster 
into the interface of bonded joints as well as into the bondline which causes an 
acceleration of the aging processes (4,128). In the following mainly the humidity induced 
damage mechanisms will be briefly described.
Most adhesives contain inorganic extenders inserted for economic as well as for technical 
reasons. Water uptake by the adhesive results in separation of extender particles from the 
matrix adhesive whereby a locally weak region within the bondline very closely to the 
interface is formed (weak boundary layer) (128). In addition, the matrix resin becomes 
plasticized by absorption of water and some of decrease in strength will be attributed to 
this factor (4, 128). Nevertheless, when the bond joints are exposed to hot and humid climate 
for a short time, the plasticization effect is partially reversible after redrying (4).
Diffusion of water into the interface of bonded joints can lead to interfacial failure 
between the adhesive and the adherend surface. This is explained by competitive 
interactions of water molecules with the polar groups of the adhesive and substrate 




Hot and humid climate can change the surface character of the adherend by solvolysis, for 
example in the form of a hydration of oxide film at metals (4) (e.g. oxide film at 
aluminium substrate (128,129,132)). In this regard, the oxide layer at titanium surface is more 
stable than the oxide film on aluminium surface (128,129). Furthermore, solvolysis reactions
may create coproducts in the interface that may moreover deteriorate the polymer close to 
the interface (4). It is also well known that hydration process may break each chemical 
bond between the oxide and the primer or adhesive, disrupts each physical bond present 
and induces additional stresses at the crack tip owing to a volume expansion of the oxide 
(129). Vohwinkel (27) reported that one of the reasons for poor durability of titanium 
adhesive joints is the transformation of an initially formed anatase phase within titanium 
oxide layers to the more thermodynamically stable rutile phase by hot-wet atmosphere 
(31,89-93). This phase transformation leads to a volume reduction in the interfacial area 
which is responsible for the formation of stress in the interphase.
In adhesive bonding, failure mode analysis is a critically important facet of both 
engineering and scientific investigations. Identification of the locus of failure of an 
adhesive joint is essential to find the reason of the failure and either to recommend a 
solution to the problem or to understand the mechanisms of crack initiation and 
propagation as well as recognition the weakest point in the adhesive joint. 
According to DIN EN ISO 10365, bond failure is classified into four modes: cohesive, 
interfacial, mixed, and component failure. Interfacial failure can accrue along 
adhesive/composite interface or adhesive/oxide layer, in the case of a metal substrate 
covered by an oxide layer. In contrast to interfacial failure, a cohesive failure appears
within the adhesive system. In addition, such failure can occur in the oxide film at a metal 
adherend due to the existents of flaws, defect, local stress, and voids within the oxide 
layer. If interfacial and cohesive failures occur concurrently, the failure mode is called as 
mixed failure. A cohesive locus of failure within the adhesive suggests that the uppermost 
performance has been achieved for a given system (3). Furthermore, it is usually appointed 
that the adhesive joint with the ultimate durability potential should primarily exhibit 
cohesive failure, if the joint is failed in a testing machine without prior deterioration test 
(3). Figure 2.9 represents failure modes of adhesive joints.
The first step to identify the failure mode is a visual inspection. If a failure occurs through 
the middle of an adhesive, such checking is enough to recognize the locus of damage. 




layer (a few nanometers) on a sample when such as the failure have occurred within of an 
adhesive but close to the substrate interface. Furthermore, it is generally not possible to 
detect contamination on the surface by visual examination. Therefore, inspection of the 
failed surfaces should be made primarily with surface analytical methods such as SEM, 
TEM, XPS, AES, and ToF-SIMS (3,5).







Plate materials of cp titanium (Grade 1 in ASTM classification) and Ti6Al4V alloy with a 
thickness of 1 mm were used as substrate material for all investigations in this work. The 
elemental composition and their concentration limits for the cp titanium (Grade 1) and 
Ti6Al4V alloy are summarized in Table 3.1. The sheet was cut into specimens with a 
dimension of 100 mm × 24.8 mm for all experiments but the treated surface area was 
different for each treatment (see section 3.2.1-3.2.5).
Table 3.1: The elemental composition and their concentration limits (wt.%) for cp titanium (Grade 1) and 
Ti6Al4V alloy as determined by EDX analysis
H C N O Al Ti V Fe












The adhesives used in the current study were two different epoxy resins (Araldite GY 250
& Araldite 420 A, Huntsman Ltd., England), which are based on diglycidyl ether of 
bisphenol A (DGEBA) (Figure 3.1) but with different degree of polymerization.  
The adhesive, Araldite GY 250, was cured with a polyamidoamine curing agent (Figure 
3.2A) (Aradur 250, Huntsman Ltd., England). However, Araldite 420A was cured with a 
4,7,10-Trioxa-1,13-tridecanediamine hardening agent (Figure 3.2B) (Araldite 420B, 
Huntsman Ltd., England). The polyamidoamine curing agent was mixed with the epoxy 
resin (Araldite GY 250) at a mix rate of 1:2 (parts by weight). The mix rate of the 
Trioxatridecanediamine hardening agent with the epoxy resin (Araldite 420A) was 0.4:1 
(parts by weight).
Figure 3.1: Schematic view of molecular 
structure of diglycidyl ether of bisphenol A
Figure 3.2: Schematic view of molecular 
structure of A) Polyamidoamine and B) 
4,7,10-Trioxa-1,13-tridecanediamine
Table 3.2: Viscosity values of epoxy resins and hardening agents used in this work obtained from technical 
data sheets
Product Viscosity (Pas)
Bisphenol-A-based epoxy resins (Araldite GY 250)
Polyamidoamine-based hardening agent (Aradur 250)
10-12
0.4-0.7
Bisphenol-A-based epoxy resins (Araldite 420 A)







The chemicals used in the current study for the pre-treatment of Ti6Al4Valloy and cp 
titanium are listed in Table 3.3.
Deionized water was used to dilute the sulfuric acid as well as to dissolve cerium salts and 
commercially products (SurTec 152 and Turco 5578 powder). The both titanium oxide 
modifications (Anatase & Rutile) and cerium dioxide were used for reference 
measurements.
Table 3.3: List of chemicals used in this work
Product Purity CAS-Nr. Supplier
Sulfuric Acid
(H2SO4)
95-97 % 7664-93-9 Sigma-Aldrich
Ammonium Cerium (IV) 
Sulfate Dihydrate
Ce(NH4)4(SO4)4 · 2H2O
98 % 10378-47-9 Sigma-Aldrich
Titanium (IV) Dioxide 
(Anatase)
(TiO2)
99,8 % 1317-70-0 Sigma-Aldrich
Titanium (IV) Dioxide 
(Rutile)
(TiO2)
99,9 % 1317-80-2 Sigma-Aldrich
Cerium Dioxide
(CeO2)
99,9 % 1306-38-3 Sigma-Aldrich












In the following the wet-chemical surface treatment steps which were carried out in this 
work are described and schematically displayed in Figure 3.3.
          Figure 3.3: Schematic diagram of wet-chemical surface pre-treatment steps in this work
3.2.1 Alkaline Cleaning
Alkaline cleaning was performed using a commercially product which contains sodium 
hydroxide, phosphate, carbonate, borate compounds as well as surfactant and corrosion 
inhibitors (SurTec152, supplier: SurTec Ltd.). Phosphates cause the dispersion of 
inorganic contaminations in a liquid medium and increase the effect of the surfactants.
Borates and carbonates are used as builder. They can stabilize the pH value of the solution 




Aqueous solution based on sodium hydroxide (SurTec 152) acts as a mild alkaline 
cleaning agent (pH=10 ± 0.5). The samples were cleaned at 75°C ± 1°C for 10 min in 
solutions containing 48 g/l of the cleaning agent. The samples were immersed complete 
(100 mm × 24.8 mm, double-sided) in the alkaline cleaning solution. After cleaning, the 
samples were rinsed thrice with freshly deionized water at room temperature (23°C ± 
1°C), each with a duration of 5 min, and dried using a cold air blow dryer.
3.2.2 Acid Etching (Sulfuric Acid)
Etching was performed using a 33 vol % (6.2 M) sulfuric acid solution. During etching, a 
bath temperature of 80°C ± 1°C was maintained. The pickling time was 15 min. The 
samples were immersed complete (100 mm × 24.8 mm, double-sided) in the etching 
solution. After etching, the samples were rinsed three times with freshly deionized water 
at room temperature (23°C ± 1°C), each time with a duration of 5 min, and dried using a 
cold air blow dryer.
3.2.3 Alkaline Etching
Alkaline etching was performed using a commercially product which consists of sodium 
hydroxide, sodium metasilicate and sodium pyrophosphate (7) (Turco 5578, supplier: 
Henkel Ltd.). Sodium hydroxide is the basic etching agent in this mixture. Sodium 
metasilicate provides a more even etching effect. Sodium pyrophosphate increases the 
stability of aqueous mixture and improves the suspension of ingredients. Aqueous 
solution based on sodium hydroxide (Turco 5578) acts as an alkaline etching agent 
(pH=13 ± 0.5). The samples were etched at 95°C ± 1°C for 5 min in solutions containing 
495 g/l of the etching agent. After etching, the samples were rinsed thrice with freshly
deionized water at room temperature (23°C ± 1°C), each with a duration of 5 min, and
dried using a cold air blow dryer.
3.2.4 Cerium Conversion Coating
Before cerium conversion coating process, all samples were alkaline cleaned and etched 
(see section 3.2.1 and 3.2.2). Cerium (III) acetate hydrate and ammonium cerium (IV) 
sulfate dihydrate salts were tested for the conversion coating. The pH value of the 1 wt.% 
cerium (III) acetate hydrate solution was 6 ± 0.5 and the pH value of the 1 wt.% cerium 




given to the ammonium cerium (IV) sulfate dihydrate rather than cerium (III) acetate 
hydrate salt for conversion coating. The reason for this choice is discussed later in the 
section 4.3.4.
A cerium-based conversion coating on the alkaline cleaned and etched samples was 
obtained by immersion in 1 wt.% cerium (IV) sulfate dihydrate solution at 45°C ± 1°C. 
The deposition time was varied between 5 min and 15 min to determine the deposition 
performance, the overall composition and the thickness of the cerium conversion films. 
The samples for the adhesive bonding investigations were dipped 5 min in the coating 
solution. For all experiments half of the sample area (50 mm × 24.8 mm, double-sided) 
was immersed in the cerium-based conversion coating solution. After coating process, the 
samples were rinsed thrice with freshly deionized water at room temperature (23°C ± 
1°C), each with a duration of 5 min, and dried using a cold air blow dryer.
3.2.5 Anodization Processes
Prior to anodization, all samples were alkaline cleaned and etched (see section 3.2.1 and
3.2.2). A conventional electrochemical cell (Figure 3.4) with a PC-controlled Amel 
potentiostat 7050 was used for the anodization treatment of Ti6Al4V alloy (work 
electrode) and cp titanium (Grade 1) (work electrode). A calomel KE11/NSK7 
(Sensortechnik Meinsberger Ltd.) was used as the reference electrode, and two cp 
titanium (Grade 1) plates with an immersed area of 12000 mm2 (60 mm × 50 mm, double-
sided, each plate) were used as counter electrodes. All anodization processes were carried 
out in a beaker glass (400 ml) under agitation at about 23°C. The beaker glass was filled 
with 300 ml electrolyte. All samples were anodized potentiodynamically with a rate of 
500 mV/s from an initial potential of about -0.6 V up to a final potential, which was 
different for each anodization process (see section 3.2.5.1 and 3.2.5.2). The distance 
between the sample and the counter electrodes was approximately 35 mm. 
Figure 3.4: Schematic view
of electrochemical cell with 
a PC-controlled potentiostat 
used for the anodization





3.2.5.1 Sulfuric Acid Anodization
The electrolyte for anodization was 0.5 M sulfuric acid solution (pH=0.5 ± 0.5). The 
active area of each Ti6Al4V alloy and cp titanium (Grade 1) specimen immersed in the 
electrolyte was 2976 mm2 (60 mm × 24.8 mm, double-sided). The Ti6Al4V alloy 
specimens were anodized from the initial potential (-0.6 V) up to 20 V, corresponding to a 
current density of approximately 8·10-3 mA/mm2. The potential was held at 20 V for 15 
min. However, the cp titanium (Grade 1) samples were anodized from the initial potential 
up to 15 V, corresponding to a current density of about 1.5·10-3 mA/mm2. It was held at 
15 V for 15 min. The cp titanium (Grade 1) samples were anodized at lower potential as 
compared to the Ti6Al4V alloy specimens to prevent the exceeding of dielectric 
breakdown limit of the oxide layer, which leads to gas evolution and sparking (119). After 
anodization, all samples were rinsed thrice with freshly deionized water at room 
temperature (23°C ± 1°C), each with a duration of 5 min, and dried using a cold air blow 
dryer.
3.2.5.2 Anodization in Cerium (IV)-Based Solution
The electrolyte used for anodization was 1 wt.% ammonium cerium (IV) sulfate dihydrate 
solution (pH=1 ± 0.5). The active area of each Ti6Al4V alloy and cp titanium (Grade 1) 
specimens immersed in the electrolyte was 1488 mm2 (30 mm × 24.8 mm, double-sided). 
The Ti6Al4V alloy specimens were anodized in the Ce(IV) containing electrolyte from 
the initial potential (-0.6 V) up to 20 V, corresponding to a current density of about 10-2
mA/mm2. The potential was held at 20 V for 5 min. Anodization of the cp titanium 
(Grade 1) samples was performed in 1 wt. % cerium (IV) sulfate dihydrate solution from 
the initial potential up to 15 V corresponding to a current density of approximately 4·10-3
mA/mm2. The potential was held at 15 V for 5 min. After anodization processes, all the 
samples were rinsed three times with freshly deionized water at room temperature (23°C 
± 1°C), each time with a duration of 5 min, and dried using a cold air blow dryer.
3.3 Analytical techniques
3.3.1 X-ray Photoelectron Spectroscopy (XPS)
XPS was carried out with a Kratos Axis Ultra system using a monochromatised AlK 	




were acquired in the constant analyzer energy mode applying pass energies of 160 eV for 
survey spectra or 20 eV and 40 eV for high-resolution spectra. For the displayed spectra,
the surface normal of the samples was oriented toward the entrance slit of the analyzer. 
The sampling depth of the analysis was up to approximately 10 nm. Binding energy 
values are referenced with respect to the C1s signal at 285 eV (83,135-138). A peak fitting 
procedure was carried out with CasaXPS software version 2.2 (Casa software Ltd.). The 
form of the peaks used in all fitting procedures was Gaussian-Lorentzian (30% 
Lorentzian). Owing to the relatively low resolution of survey spectra, a linear background 
was used for the quantification of these spectra. On the other hand a Shirley background 
(139) was used for individual spectra evaluation due to their high resolution.
The quantification was based on the assumption of a homogeneous surface composition 
from the peak intensities, taking into account the sensitivity factors for the signals of 
individual elements. The sensitivity factors used in this work are shown in Table 3.4. The 
principle of this method is described in the Literature (134).
Table 3.4: Sensitivity factors for XPS instrument (Kratos Axis Ultra, Kratos Analytical Ltd., England) at 
Fraunhofer Institute for Manufacturing Technology and Applied Materials Research in Bremen (IFAM)











Ti 0.667 1.334 2.001
V 0.705 1.411 2.116
Fe 0.985 1.972 2.957
Cu 1.773 3.547 5.321
Ce 3.523 5.285 8.808
3.3.2 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-
SIMS)
In order to obtain detailed information about the chemical composition of the included 
surfaces the samples were analyzed with time-of-flight secondary ion mass spectrometry, 
using a ToF-SIMS IV instrument (ION-ToF Ltd., Germany).
The surface of the investigated samples is blasted with primary ions from the pulsed Bi 




and negative charged secondary ions are emitted from the surface. The secondary ions are 
accelerated toward a time of flight mass analyzer. By measuring the mass of the emitted 
fragments very precisely, these fragments can be identified. Because all secondary ions 
are parallel detected, this method is very surface sensitive. The ToF-SIMS method is not
quantitative. Quantitative trends can be determined only by comparing with additional 
analysis of reference samples. The spectra were obtained using the pulsed Bi primary ion 
beam which was operated at 25 keV and blasted over the area 500 × 500 µm2. Mass 
spectra were extracted from the outermost surface of the oxide layers.
Elemental depth profiles were determined by argon ion sputtering the surface films and 
subsequent ToF-SIMS analysis. The argon ion gun was operated at 3 KeV with a 200 ×
200 µm2 raster.
3.3.3 Scanning Electron Microscopy (SEM)
The surfaces of the samples were investigated using a LEO Gemini 1530 field emission 
scanning electron microscope (SEM) equipped with an Oxford X-ray detector. During 
imaging, the electron gun was operated at a primary voltage of 5 kV. In some cases, the 
elemental composition of selected surface regions was investigated by energy dispersive 
X-ray analysis (EDX) using excitation by 20 keV electrons. The principles of these 
methods are described in the Literature (140,141).
3.3.4 Transmission Electron Microscopy (TEM)
The microstructures of the oxide layer were characterized using a FEI Tecnai F20 S-
TWIN Microscope operated at 200 kV. The principle of this method is described in the 
Literature (141). Cross-sectional specimens for the transmission electron microscope 
observation were prepared by Focused-Ion-Beam (FIB) technique. Some images of FIB 
preparation process are shown in Appendix M.
3.3.5 Electron Tomography (ET)
Electron tomography usually operates in the BF-TEM and HAADF-STEM mode. In 
general, a series consisting of 50-200 images of a sample position is recorded via a tilting 
angle. The recorded images are aligned. In subsequent step the 3D volume of the sample 




resolution of up to about 1 nm3. The 3D volumes of the sample can be displayed either in 
the form of digital slices or using surface rendering. 
The electron tomography was carried out at Fischione 2020 Advanced Tomography 
Holder. FEI Xplore3D software was used for recording a series of TEM and STEM 
images via a tilting angle from ±65° to ±75°. Aligmentation and reconstruction of 3D 
volumes were resulted from cross correlation and marker-tracking by means of IMOD 
and Inspect3D software.
3.3.6 X-ray Diffractometry (XRD)
X-ray diffraction (XRD) spectra of all samples were recorded with a X-ray diffractometer 
(D5000, Siemens AG, Germany) using a Cu K radiation ( = 0.15405 nm) operated at 
40 kV and 30 mA. Grazing-incidence XRD was used for all investigations. The incident 
beam angle () was 10° and the range of 2 was 25°-90°. The step size and set time were 
0.01 and 3 s, respectively. The principle of this method is described in the Literature (142).
3.3.7 Micro Raman Spectroscopy (MRS)
Raman measurements were performed using the 514.5 nm excitation line of an argon ion 
laser (Inova 308, Coherent, USA) and a self built microscope mounted with a 40x 
objective (Olympus, Germany, NA 0.65) to focus the laser onto the sample. The Raman 
signal was collected in the back scattering geometry through the same objective and 
dispersed with a Triax 302 spectrometer (Jobin Yvon, France) housing a 1200 
grooves/mm holographic grating. This instrument was also equipped with a liquid 
nitrogen cooled charge-coupled device (CCD 3500; Jobin Yvon, France) for detection. 
The spectra were recorded with a measured laser power of about 6.3 mW on the sample, 
during an exposure time of 120 s, and within the spectral window 100-1400 cm-1. The 
principle of this method is described in the Literature (143).
3.3.8 Non-Contact Laser Profilometry (LPM)
The surface roughness of the specimens was analyzed using a non-contacting laser 
profilometer (VE120, UBM Messtechnik, Germany). Five measurements were performed 




was measured with a measurement length of 10 mm and a measurement speed of 0.2 
mm/s. The principle of this method is described in the Literature (144).
3.3.9 Contact Angle Measurements
Contact angles were measured with a DSA100 contact angle goniometer equipped with a 
video camera (Krüss GmbH, Germany). The drop image was stored by the video camera 
and an image analysis system calculated the contact angle  from the shape of the drop, 
i.e. the angles from left and right sides of the drop were measured and averaged. The 
measurements were performed dynamically at room temperature (23°C ± 1°C). The 
liquids used were purified water, diiodomethane, and ethylenglycol. An average of the 
angles for at least nine drops was taken for each sample. The drop volume for the 
measurements was 6 µl. The surface energy of different treated samples was calculated 
using the theoretical model of Owens and Wendt as well as that of van Oss (see section 
2.4). 
3.3.10 Infrared Spectroscopy (IR)
The FT-IR spectra were measured by a Bruker Equinox 55 spectrometer in attenuated 
total reflection mode at ambient conditions in the range of 4000-500 cm-1. The 
spectrometer was equipped with a Golden Gate. Resolution was predetermined at 4 cm-1.
The principle of this method is described in the Literature (145).
3.4 Bonding Test and Configuration
Single lap shear tests were used to evaluate the adhesion properties of the bonded joints. 
The adhesives used to manufacture single lap shear joints were two part room temperature 
curing epoxies (Araldite GY 250 and Araldite 420 A/B, see section 4.2.1). They were 
applied with a spatula to the substrate surfaces. Both Adhesives were cured at room 
temperatures (23°C ± 1°C) for 168 h. The epoxy/polyamidoamine adhesive (Araldite GY 
250) was subjected to a post curing process for 30 min at 140°C. The epoxy/polyamine 
adhesive (Araldite 420 A/B) was also subjected to a post curing process, however, for 60 
min at 120°C.
The single lap shear test is performed according to the DIN EN 1465. The dimension of 




overlap (Figure 3.5). Lap shear strengths were measured with a tensile testing machine 
(Zwick Z030) at a pull velocity of 2 mm/min at room temperature.
Figure 3.5: Schematic view of a Single lap-shear joint
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4.0 Results and Discussion
Figure 4.1 shows a flow-chart representation of the step by step the procedure of 
investigations of materials, surface pre-treatments and aging mechanisms of adhesive 
joints.
Figure 4.1: Surface pre-treatments, accelerated aging tests and investigations flow-chart
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4.1 Characterization of the Bulk Materials
As shown by light-microscopy of cross-cut polished specimens, the bulk of Ti6Al4V 
alloy showed a globular structure (Figure 4.2). Furthermore, the expected biphasic 
microstructure of the alloy, consisting of phase (bright zones, Al richer) and  phase 
(dark zones, V richer), confirmed by EDX analysis, were observed. 
The bulk of cp titanium exhibited a recrystallized structure and approximately square-
shaped grains with straight line grain boundaries (Figure 4.3). According to DIN EN ISO 
643 the average size of the as-received cp titanium grains was approximately 20-30 µm. 
Similar values were reported by Chun (146) and Park et al.(147). Finally, Light microscopical 
images showed that a mechanically deformed layer, which could occur due to rolling 
process, was not present close to Ti6Al4V alloy and cp titanium surfaces.
EDX analysis showed that Ti6Al4V alloy contained Ti, V, and Al in the bulk (Table 3.1). 
EDX analysis revealed that cp titanium contained only Ti in the bulk (Table 3.1). 
Agreeable with the literature (1), it is very likely that both materials contain other elements 
such as Fe, N, O and C in the bulk. However, they were not detected because the 
concentrations of them were under the detection limit of EDX analysis. In this work, cp 
titanium was used as reference material in order to determine the influence of the alloying 
elements Al and V in the Ti6Al4V alloy on the surface pre-treatments as well as on the 
aging processes of substrate surfaces and adhesive joints.
Figure 4.2: Light microscopic images of Ti6Al4V alloy of a cross-cut after metallographic grinding
showing no mechanically deformed layer close the surface area
Embedding compound 
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Figure 4.3: Light microscopic images of cp Titanium of a cross-cut after metallographic grinding showing 
no mechanically deformed layer close the surface area
4.2 Characterization of the Adhesive Materials
4.2.1 IR Analysis
IR measurements of the adhesives materials were performed with the aim to investigate 
the curing process of the epoxy-based adhesives which was used in the current study. 
In general terms, when the curing agent contain primary amine groups (e.g. 4,7,10-
Trioxa-1,13-tridecanediamine, Figure 3.2B), the reaction consists in the epoxy ring 
opening by the amine reactive group generating secondary amines and hydroxyl groups. 
Moreover, when the hardening agent consists of secondary amine groups (e.g. 
Polyamidoamine, Figure 3.2A), they can also react with the epoxy rings to yield tertiary 
amines and hydroxyl groups. Therefore, as the curing reaction proceeds the OH-
concentration must increase in proportion to the disappearance of the epoxy groups (3).
Figure 4.4A and Figure 4.4B show the IR spectra of epoxy/polyamine adhesive (Araldite 
420 A/B) before and after curing for the 1100-700 cm-1 and 3800-2600 cm-1 intervals. A
decrease of the epoxy band at 912 cm-1 as well as an increase of the OH band (3600-3200 
cm-1) was observed after the curing process. Based on these results, it can be concluded 
that the amine groups react with the epoxy groups and an epoxy ring opening takes place 
which is an evidence for the curing of epoxy/polyamine adhesive (Araldite 420 A/B).
Embedding compound 
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Figure 4.4: IR spectra of epoxy/polyamine adhesive (Araldite 420 A/B) showing successful curing process
on the basis of the increase of OH band as well as the decrease of epoxy band
Figure 4.5A and Figure 4.5B show the IR spectra of epoxy/polyamidoamine adhesive 
(Araldite GY 250) before and after curing for the 1100-700 cm-1 and 3800-2600 cm-1
intervals.
Figure 4.5: IR spectra of epoxy/polyamidoamine adhesive (Araldite GY 250) showing successful curing 
process on the basis of the increase of OH band as well as the decrease of epoxy band
In Figure 4.5A, it can be observed that after the curing process (168 h at room 
temperature + 30 min at 140°C) the epoxy band at 912 cm-1 (148,149) is significantly 
decreased. This is evidence of its reaction with the amine groups. In addition, an 
increasing hydroxyl band in the range of 3600-3200 cm-1 (148-150) was observed (Figure 
4.5B) which provides a further evidence of the epoxy ring opening by the amine groups. 
4.2.2 XPS Analysis
The XPS survey spectra of cured epoxy/polyamine adhesive (Araldite 420 A/B) (Figure 
4.6) showed that the elements C, O, N and Si were present on the surface as well as in the 
bulk adhesive. The elements S and Cl were detected as impurities on the surface, as well.
The Si2p high resolution XPS spectrum of the bulk adhesive (Table 4.1) also showed that 
the bulk contained SiO2 and organically bounded silicon as in silane compounds. In this 
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regard, we believe that epoxy/polyamine adhesive (Araldite 420 A/B) contains silicon in 
the form of coupling agent (silane) and fillers (silica). XPS investigations revealed that Si 
was relatively more concentrated on the adhesive surface than in the bulk adhesive. It is 
established that silane compounds are able to migrate from the adhesive bulk to the 
adhesive surface and concentrate there (104). In this context, we believe that the rising of Si 
concentration on the epoxy/polyamine adhesive surface (Araldite 420 A/B) attribute to the 
migration of silane compounds to the surface area during the adhesive formulation and 
curing process. The elemental compositions of cured epoxy/polyamine adhesive (Araldite 
420 A/B) and epoxy/polyamidoamine adhesive (Araldite GY 250) in surface and bulk 
regions as determined from XPS analysis are given in Table 4.2.
The XPS investigations of the cured epoxy/polyamidoamine adhesive (Araldite GY 250)
revealed that the elements C, O and N were present on the surface as well as in the bulk 
adhesive (Figure 4.7). In contrast to epoxy/polyamine adhesive (Araldide 420 A/B), the 
element Si has not been detected in the bulk adhesive, however, it was observed in trace 
amount on the surface (Table 4.2). It follows that epoxy/polyamidoamine adhesive 
(Araldite GY 250) is free from silicon containing fillers and silicon which were present as 
contamination on the adhesive surface. This finding is in agreement with the technical 
data sheet of this adhesive. As in the case of epoxy/polyamine adhesive (Araldite 420 
A/B), trace amount of chlorine was identified as contamination in the surface region of 
the epoxy/polyamidoamine adhesive (Araldite GY 250). The detected nitrogen in the bulk 
and surface regions of both adhesives is originated from amine groups present in the 
hardening agents which were used in the current work (see section 3.1.2).
XPS investigations (Figure 4.6 and Figure 4.7, Table 4.2) clearly indicated that the bulk 
regions of both adhesives contained much less nitrogen than the surface regions. This is 
the result of the migration of not reacted amine groups to the surface area during the 
curing phase. Thus, a region of higher amine concentration was formed near the surface 
area. Similar results were found by Drzal (151).
Table 4.1: Binding energy (eV) of XPS signals and attribution to the chemical state of elements applied 
within this work
Element Chemical state FWHM (eV)             Binding energy (eV)
present work previous works
Si2p SiO2 (silica) 2.1      103.3                    103.1-103.7 (233-235)
organically bound silicon (silane) 1.8      102.1                    101.6-102.4 (78,236,237)
4.0 Results and Discussion__________________________________________________
40
 
Table 4.2: The elemental compositions (at.%) of cured epoxy/polyamine adhesive (Araldite 420 A/B) and 
epoxy/polyamidoamine adhesive (Araldite GY 250) adhesive for the surface and bulk regions as determined 
by XPS analysis
Element Cured epoxy/polyamine adhesive 
(Araldite 420 A/B)
Cured epoxy/polyamidoamine adhesive 
(Araldite GY 250)
Surface Bulk Surface Bulk
C 74.62  0.15 73.68  0.93 78.58  0.06 83.20  0.74
N 5.18  0.01 1.81  0.09 12.72  0.12 5.83  0.21
O 17.55  0.26 23.48  1.24 8.21  0.16 10.98  0.95
Si 2.33  0.10 1,04  0.22 0.28  0.16
S 0.12  0.01 0.23  0.05
Cl 0.22  0.01
Figure 4.6: XPS survey spectra of epoxy/polyamine adhesive (Araldite 420 A/B) after curing process
showing C, O, N, and Si on the surface and in bulk as well as the existence of Cl and S as impurities on the 
adhesive surface
Figure 4.7: XPS survey spectra of epoxy/polyamidoamine adhesive (Araldite GY 250) after curing process
showing the presence of C, O and N on the surface and in the bulk as well as the existence of Si and S as 
impurities on the adhesive surface
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4.3 Investigations of Pretreated Surfaces
4.3.1 Alkaline Cleaning
4.3.1.1 XPS and ToF-SIMS Analysis
The elemental composition of Ti6Al4V alloy and cp titanium surfaces resulting from all 
surface treatments (see section 3.2) was characterized by means of XPS. The different 
chemical states of the elements were identified by means of their corresponding binding 
energies obtained from high resolution XPS spectra. In addition, ToF-SIMS 
measurements were carried out to characterize the chemical composition of pre-treated 
surfaces in more detail. Furthermore, the sampling depth of ToF-SIMS is lower (~ 1 nm) 
than that of XPS (~ 10 nm). Therefore, it is possible to obtain more information about the 
chemical composition of the outer side of any layers at the surface by means of ToF-
SIMS. 
The surface elemental composition of as-received Ti6Al4V alloy and cp titanium are 
given in Table 4.9 and Table 4.10. The XPS analysis showed very high carbon content (~ 
60-80 at.%) at the surface of both materials which is caused by organic adsorbates.
Moreover, the elements Na, Si and Cl were present as inorganic contaminations on both 
surfaces. It is necessary to remove such contaminations from the surface before etching, 
conversion coating and anodization.
Alkaline cleaning was performed to remove contaminations from the surface of as-
received samples. Figure 4.8A and Figure 4.8B show XPS survey scans of Ti6Al4V alloy 
and cp titanium surfaces after alkaline cleaning. The elements C, N, O and Ti were 
present on the surface of both cleaned substrates. In addition the alloying elements Al and 
V were detected on Ti6Al4V alloy surface. The results show that the concentration of 
incorporated Al and V in the native oxide layer on the surface are significantly lower than 
their concentration in the bulk. The element concentrations are summarized in Table 4.9
and Table 4.10. These results clearly indicate that alkaline cleaning leads to a 
characteristic decrease of carbon concentration on both substrate surfaces as compared to 
as-received samples. Furthermore, the inorganic contaminations such as Na, Si and Cl 
were not detectable on the surface after alkaline cleaning (Table 4.9 and Table 4.10).
The detection of carbon after alkaline cleaning is attributed to a thin organic adsorbate 
film (a few monolayers) on both sample surfaces. This thin organic film is present on top 
of the oxide films at most metal surfaces. The formation of such organic adsorbate layers 
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is not to avoid when the samples are cleaned and pre-treated under ambient conditions (6, 
59). It is also well known that this thin organic film absorbed by the adhesive (152), thus, it 
causes no problems during the adhesive bonding process.
Figure 4.8: XPS survey spectra of A) Ti6Al4V alloy and B) cp titanium after alkaline cleaning (SurTec 
152) showing the presence of organic adsorbates, O, N, Ti, Al and V as well as the absence of inorganic 
impurities on the surface
Figure 4.9 displays the C1s high resolution XPS spectrum of an alkaline cleaned Ti6Al4V 
alloy surface. The carbon peak is deconvoluted into four signals (Table 4.3)
corresponding to carbon in aliphatic, ether/alcohol, carbonyl and ester/carbonate 
compounds, respectively. This interpretation is in agreement with previous results, given 
in Table 4.3, as well as with the deconvolution of the measured O1s detail spectra (Figure 
4.10). The corresponding C1s detail spectrum of alkaline cleaned cp titanium was 
comparable.
Figure 4.9: C1s high resolution XPS spectrum of 
Ti6Al4V alloy after alkaline cleaning (SurTec 152)
showing adsorbed aliphatic, alcohol/ether and 
ester/carbonate compounds on the surface 
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A high resolution O1s spectrum of a cleaned Ti6Al4V alloy sample is resolved into three 
individual signals (Figure 4.10, Table 4.3). The major peak at 529.9 eV can be assigned to 
oxygen compounds (Ti-O, Al-O and V-O) from the oxide layer at the surface. The peak at 
531.4 eV is attributed to OH groups on the outer side of the oxide layer as well as to 
oxygen making a double bond with carbon (C=O including carbonyl group, 
ester/carbonate compounds). The last signal near 532.5 can be attributed to oxygen in 
alcohol/ether as well as to chemisorbed H2O at the surface. The corresponding O1s detail 
spectrum of the cleaned cp titanium was equivalent.
Figure 4.11 illustrates the Ti2p3/2 high resolution XPS spectrum of a cleaned Ti6Al4V 
substrate. Besides oxidized states of Ti, also metallic Ti was detected on the Ti6Al4V 
alloy surface. This shows that the thickness of the oxide layer at the surface is smaller 
than the sampling depth of XPS (~ 10 nm). This is in agreement with the results of other 
authors (6,71,153). The oxidized state of titanium is deconvoluted into three peaks
corresponding to TiO, Ti2O3 and TiO2, respectively (Table 4.3). Furthermore, this high 
resolution spectrum revealed that the oxide layer at the sample surface consisted mainly 
of TiO2 (60,70,154).The corresponding Ti2p detail spectrum of the cleaned cp titanium was 
the same.
The Al2p and V2p3/2 detail spectra of a cleaned Ti6Al4V alloy (Figure 4.12A and Figure 
4.12B) showed that the alloying elements Al and V were incorporated as oxide in the 
oxide film at the Ti6Al4V alloy surface. Al was present as Al2O3 (6,155), while the situation 
for V is less clear because the experimental binding energy falls in a range where different 
oxidation states [V3+, V4+ and V5+] have been reported in previous works (155,156). In 
addition to oxidized state of Al and V, also metallic Al and V was detected from the bulk 
of Ti6Al4V alloy. This exhibits that the titanium oxide layer is thinner than 10 nm (Figure 
4.12A and Figure 4.12B).
Figure 4.10: O1s high resolution XPS spectrum of 
Ti6Al4V alloy after alkaline cleaning (SurTec 152)
showing adsorbed aliphatic, alcohol/ether and 
ester/carbonate compounds and hydroxyl groups as 
well as adsorbed water molecules on the surface
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Figure 4.11: Ti2p3/2 high resolution XPS spectrum 
of Ti6Al4V alloy after alkaline cleaning (SurTec 
152) showing the presence of TiO2 (dominant), 
Ti2O3 and TiO within the naturally formed titanium 
oxide layer as well as the existence of metallic Ti 
due to the very low thickness of the oxide layer (< 
10 nm)
Figure 4.12: A) Al2p and B) V2p high resolution XPS spectra of Ti6Al4V alloy after alkaline cleaning
(SurTec 152) showing the presence of Al2O3 and V-oxide within the naturally formed titanium oxide layer
Table 4.3: Binding energy (eV) of XPS signals and attribution to the chemical state of elements applied 
within this work
Element Chemical state FWHM (eV)             Binding energy (eV)
present work previous works
Ti 2p3/2 Ti(metal) 1.1 453.5 453.0-454.1 (70,74,154,157,158)
TiO 1.4 455.0 455.0-455.9 (70,138,158,159)
Ti2O3 1.4 456.9 456.6-457.5 (70,138,154,159)
TiO2 1.3 458.5 458.3-458.8 (60,70,74,138,154,157,158,159)
O1s O2- (Ti-O, Al-O, V-O) 1.4 529.9 529.7-530.6 (60,74,154,157)
C=O , O(C=O)O , OH 1.5 531.4 531.5-531.9 (60,74,154,157)
CO(H, C) , H2O 1.3 532.5 532.5-533.5 (60,74,154,157)
C1s C(H, C) (aliphatic) 1.4 285.0 284.6-285.2 (60,136,137,138,159,160)
CO(H, C) (alcohol/ether) 1.6 286.5 286.5-286.6 (60,136,137,160)
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Figure 4.13 show positive ToF-SIMS spectra of an alkaline cleaned Ti6Al4V alloy 
surface. Aliphatic and oxygen containing carbon adsorbates such as CHO, CH3O, C3H3+,
C3H5+, C3H6+, C4H5+, C4H7+ and C5H7+ were present on the cleaned Ti6Al4V alloy 
surface which are known as common atmospheric contaminants (153). Titanium fragments 
such as Ti+, TiO+, TiOH+, TiO2H+, Ti2O2+ and Ti2O4H+ were detected, as well. These 
fragments confirm the presence of titanium oxide and hydroxide compounds in the outer 
site of the oxide layer at the Ti6Al4V alloy surface. The alloying elements were also 
found as Al+, V+. The corresponding positive ToF-SIMS spectrum of alkaline cleaned cp 
titanium was comparable, however, no Al and V fragments were detected.
Figure 4.13: Positive ToF-SIMS spectra of Ti6Al4V alloy after alkaline cleaning (SurTec 152) showing the 
presence of titanium compounds, aluminum and vanadium as well as the existence of carbon containing 
compounds on the surface 
Figure 4.14 shows the corresponding negative ToF-SIMS spectrum of an alkaline cleaned 
Ti6Al4V alloy surface. The cleaned sample surface was dominated by atmospheric 
adsorbates such as C2H, CN, CNO and NO2 (153). Titanium oxide fragments such as 
TiO2 and TiO3H have been observed. The alloying element Al was found as AlO
fragment. However no fragments of the alloying element V have been observed. Besides
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above-mentioned fragments, also O and OH fragments was observed. These fragments 
can be assigned to adsorbed oxygen containing carbon compounds from ambient air as 
well as to oxygen containing species from the oxide layer. Chlorine has been detected as 
impurity which was not detected by XPS. This means that Cl was present in trace amount 
(at ppm level) on the surface. All detected positive and negative fragments are 
summarized in Table 4.4. The corresponding negative ToF-SIMS spectrum of alkaline 
cleaned cp titanium was comparable, however, no Al and V fragments were detected.
The ToF-SIMS results qualitatively confirmed the corresponding XPS results.
Figure 4.14: Negative ToF-SIMS spectrum of Ti6Al4V alloy after alkaline cleaning (SurTec 152) showing 
the presence of titanium and aluminum compounds as well as carbon containing compounds on the surface 
Table 4.4: Negative and positive fragments obtained by means of ToF-SISM investigations of Ti6Al4V 
alloy after alkaline cleaning (SurTec 152)
Positive Fragments Negative Fragments
Fragment Measured Mass (m/z) Fragment Measured Mass 
(m/z)
Al+ 26.980 C 11.999
CHO+ 29.001 CH2 14.015
CH3O+ 31.018 O 15.994
C3H3+ 39.022 OH 17.002
C3H5+ 41.039 C2H 25.008
C3H6+ 42.029 CN 26.005
C2H3O+ 43.018 Cl 34.970
Ti+ 47.944 C2HO 41.004
V+ 50.941 CNO 41.996
C4H5+ 53.038 AlO 42.974
C3H3O+ 55.018 CO2 43.990
C4H7+ 55.054 CHO2 44.998
TiO+ 63.943 NO2 45.995
TiOH+ 64.949 C2H3O2 59.014
C5H7+ 67.056 CO3 59.985
C4H7O+ 71.053 TiO2 79.959
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4.3.1.2 SEM and TEM Characterization
Figure 4.15 and Figure 4.16 show SEM micrographs of the alkaline cleaned Ti6Al4V 
alloy and cp titanium surfaces. The SEM image of alkaline cleaned Ti6Al4V alloy clearly 
showed the expected duplex microstructure, consisting of - and -phase, at the surface
which were also confirmed by EDX analysis. Both cleaned substrates exhibited relatively 
smooth character and slightly textured surfaces. More SEM images of alkaline cleaned 
samples are shown in Appendix C.
Figure 4.17 and Figure 7.45 (Appendix D) display cross-sectional TEM micrographs of 
the cleaned Ti6Al4V alloy and cp titanium surfaces. As expected, ultrathin titanium oxide 
films (~ 5-6 nm) were observed on both alkaline cleaned substrate surfaces. Both oxide 
films revealed a predominantly amorphous structure and no porosity. More cross-
sectional TEM micrographs of cleaned substrates are shown in Appendix D.
Figure 4.15: SEM micrograph of Ti6Al4V alloy surface after alkaline cleaning (SurTec 152) showing 




4.0 Results and Discussion__________________________________________________
48
 
Figure 4.16: SEM micrograph of cp titanium surface after alkaline cleaning (SurTec 152) showing 
relatively smooth character and slightly textured surface
Figure 4.17: Cross-sectional TEM 
micrograph of Ti6Al4V alloy after 
alkaline cleaning (SurTec 152) showing 
the presence of amorphous and non-
porous titanium oxide layer on the 
surface 
4.3.2 Acid Etching (Sulfuric Acid)
Etching in sulfuric acid was performed to remove the non-uniform native oxide layer at 
the surface. Moreover, it was carried out to generate microstructures and to increase 
roughness on the surface in order to improve the performance of bonded joints by 
mechanical interlocking and enhancement of effective surface, i.e. increase of chemically 
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active sites on the surface and enhancement of its ability to forming chemical bonds.
Finally, such etching treatment was performed in order to investigate the hydrogen 
embrittlement behavior of Ti6Al4V alloy and cp titanium as well as to determine its 
influence on durability of adhesive joints.
4.3.2.1 XPS and ToF-SIMS Analysis
Figure 4.18A and Figure 4.18B show XPS scan survey spectra of Ti6Al4V alloy and cp 
titanium after etching. Surface chemical composition of both substrates after etching in 
6.2 M hot sulfuric acid solution was similar to these after cleaning (Table 4.9 and Table 
4.10). Sulfur signal was not detected on both etched surfaces (Figure 4.18A and Figure 
4.18B). Trace amounts of copper has been detected on some pickled Ti6Al4V alloy and 
cp titanium surfaces. Sittig et al. (6) also detected copper on cp titanium surfaces after 
pickling in nitric acid-hydrogen fluoride solution. They argued that copper comes from 
the etchant. According to the literature (1) and the EDX analysis (Table 3.1) the bulk 
materials of Ti6Al4V alloy and cp titanium (Grade 1) are basically free of copper. This 
means that the detected copper could be coming from the etching solution. 
The Ti2p2/3 detail spectra of Ti6Al4V alloy and cp titanium samples revealed that the 
formed oxide film at the surface after etching consisted of TiO2, TiO and Ti2O3.
Moreover, it was observed that the oxide film was composed mainly of TiO2. As in the 
case of cleaned samples, metallic Ti was detected on both etched substrate surfaces which 
suggests that the formed oxide layer at both surfaces is less than 10 nm.
High resolution XPS spectra of the etched Ti6Al4V alloy showed that Al and V were 
present as oxide within the oxide layer at the surface. Metallic Al and V from the bulk 
material have also been detected due to the thin oxide film (< 10 nm) at the surface. In 
contrast to alkaline cleaned Ti6Al4V alloy, the V/Ti and Al/Ti ratios (Figure 4.26)
showed a slight depletion of V and a slight enrichment of Al on the sulfuric acid etched 
Ti6Al4V alloy surface. This means that Ti6Al4V alloy is selectively etched with the -
phase dissolving at a higher rate. This was also confirmed by SEM (see below).
The corresponding high resolution O1s and C1s XPS spectra of sulfuric acid etched 
Ti6Al4V alloy and cp titanium were similar to that shown for alkaline cleaned samples in 
Figure 4.9 and Figure 4.10.
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Figure 4.18: XPS survey spectra of A) Ti6Al4V alloy and B) cp titanium after etching in 6.2 M sulfuric 
acid showing the presence of O, C, N, Ti, Al, V and Cu (impurity) on the surface 
4.3.2.2 SEM and TEM Characterization
SEM micrographs of Ti6Al4V alloy and cp titanium surfaces etched in hot sulfuric acid 
are presented in Figure 4.19 and Figure 4.21. It was found that the Ti6Al4V alloy was 
selectively and anisotropic etched. The -phase seems to be preferentially etched by 
sulfuric acid solution (Figure 4.20A). This finding is in agreement with the slight 
depletion of V and the slight enrichment of Al on the Ti6Al4V surface after etching which 
was found by XPS investigations (Figure 4.26). Selectively etching of -phase of 
Ti6Al4V alloy in acid solution was also reported in the literature (78). The reason for the 
selectively etching depends presumably on the favorable grain orientation in the -phase 
(161). Another possible reason for this result could be related to the energy favorable state 
for grains in the -phase. The selectively etched areas of the Ti6Al4V surface indicated 
porous-like as well as lamellar shaped structures. Higher magnification (Figure 4.20B)
revealed that the flat areas of etched Ti6Al4V surface were relatively smooth and were 
slightly textured like the alkaline cleaned surface.
In contrast to etched Ti6Al4V alloy, cp titanium was not etched selectively but 
anisotropic. The surface showed porous-like structure with a diameter of about 100-250
nm. The same surface morphology of etched cp titanium in hot sulfuric acid was noted by 
Ban et al. (8). More SEM images of acidic etched samples in sulfuric acid are shown in 
Appendix C.
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Cross-sectional TEM micrographs of etched Ti6Al4V alloy and cp titanium (Figure 7.37
and Figure 7.47, Appendix D) showed that the titanium oxide film formed on both sample 
surfaces after sulfuric acid etching were compact and non-porous. These images also 
revealed that both oxide layers formed after etching process are mainly amorphous. The 
thickness of both formed oxide films was similar to that of the alkaline cleaned samples 
(~ 5-6 nm). It follows that the etching in sulfuric acid change only the surface morphology 
of both substrate surfaces and causes no remarkable change in the morphology of titanium 
oxide layer.
Figure 4.19: SEM micrograph of Ti6Al4V alloy surface after etching in 6.2 M sulfuric acid showing 
selective etching
Figure 4.20: SEM micrograph of A) flat area and B) selective etched area of Ti6Al4V alloy surface after 
etching in 6.2 M sulfuric acid showing selective and anisotropic etching as well as formation of porous and 




4.0 Results and Discussion__________________________________________________
52
 
Figure 4.21: SEM micrograph of cp titanium surface after etching in 6.2 M sulfuric acid showing 
anisotropic etching as well as formation of porous shaped structures on the surface
4.3.2.3 Laser Profilometry Investigations (LPM)
LPM measurements showed that the average roughness (Ra) of the surface increased for 
sulfuric acid etched Ti6Al4V alloy and cp titanium as compared to that for the alkaline 
cleaned samples. This result may be related to the formation of porous-like and lamellar 
shaped structures on the surface during the etching process. The average roughness values 
(Ra) are given in Table 4.12.
4.3.2.4 XRD and Tomography Investigations
XRD measurements were carried out in order to identify TiH2 in the bulk material of 
Ti6Al4V alloy and cp titanium (near the surface area). XRD patterns of alkaline cleaned 
(Reference) as well as of etched cp titanium in 6.2 M sulfuric acid at 80°C are shown in 
Figure 4.22A. After alkaline cleaning, only diffraction peaks from the -phase in cp 
titanium were detected. After etching in sulfuric, a few diffraction peaks could be 
assigned to TiH2. Cross-sectional SEM micrographs exhibited that after etching in 
sulfuric acid an embrittling layer from TiH2 was formed near the surface area of cp 
titanium (Figure 4.23). It was also noted that the thickness of the layer is not uniform.
Furthermore, the embrittling layer showed no specific structure as compared to the bulk 
material. Ban et al. (8) and Nagaoka et al. (162) also found that etching of cp titanium in 9 M 
and 1 M sulfuric acid leads to hydrogen embrittlement. Ban et al. (8) have detected TiH2
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by XRD analysis. They have also reported that an oxide layer was formed on the 
hydrogen-embrittled layer owing to contact with the air. The XPS and TEM investigations 
also revealed the presence of an oxide layer on cp titanium surface after etching (see
section 4.3.2.1 and 4.3.2.2). In the case of Ti6Al4V alloy, no diffraction peaks could be 
assigned to TiH2 after alkaline cleaning as well as after etching in sulfuric acid (Figure 
7.52, Appendix E). This finding might be due to low amount of absorbed hydrogen in the 
metal grid during the etching of Ti6Al4V alloy in sulfuric acid and the formation of TiH2
in small concentration which could not detected by means of XRD. SEM investigations 
also showed no hydrogen-embrittled layer on the etched Ti6Al4V surface (Figure 7.18,
Appendix C). A statement for this behavior of Ti6Al4V alloy could be related to the 
presence of aluminum in the -phase of Ti6Al4V alloy. It is well known that aluminum 
reduce the tendency of titanium to hydrogen embrittling. This interpretation is supported 
by the fact that either increases the solubility of hydrogen in the -phase or decreases the 
rate of hydrogen diffusion in titanium-aluminum alloy (163). It is well established that the 
vacancies in the body-centered lattice of -phase have a radius of about 0.44 Å, which is 
nearly equal to the atomic radius of hydrogen (0.41 Å). For this reason, the absorbed 
hydrogen atoms can accommodate in the vacancies of -phase and cause thereby an 
enhancement in its lattice stability (163). In a study by Nagaoka et al. (162) Ti6Al4V alloy 
was etched in 1 M sulfuric acid at 60°C for 60 min. They noted that the amount of 
hydrogen absorbed during 60 min by Ti6Al4V alloy was as low as 170 ppm. However, 
they found no hydrogen embrittlement. In this regard, it is believed that hydrogen atoms 
were absorbed in the -phase of etched Ti6Al4V alloy in 6.2 M sulfuric acid but at low 
concentration and some traces of them were accommodated in the vacancies of -phase.
In conclusion, one can rule out brittle fracture of etched Ti6Al4V samples in 6.2 M 
sulfuric acid at 80°C which could be an important reason for the decrease of bond strength 
and durability of adhesive joints.
Previous studies indicated that hydrogen-embrittled layers, which were formed near 
surface area of titanium and titanium alloys after different treatment, contained cracks 
(101,108,164,165). In this study, cross-sectional SEM micrographs of sulfuric acid etched cp 
titanium (Figure 4.23) showed that the formed hydrogen-embrittled layer contained a few 
cracks on the micrometer scale. However, it is not clear whether the cracks were induced 
by hydrogen or they were generated during the preparation of specimen for cross-
sectional SEM investigation. The sulfuric acid etched cp titanium sample was additionally 
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investigated by means of electron tomography in order to determine cracks on nanometer 
scale in the volume of hydrogen-embrittled layer. 3D and 2D renderings of the hydrogen-
embrittled layer after etching in 6.2 M sulfuric acid (Figure 7.54 and Figure 7.55,
Appendix F) showed that no cracks on nanometer scale were present in the volume of the 
hydrogen-embrittled layer. From it follows that the formed hydrogen-embrittled layer 
near the surface area of acidic etched cp titanium could contain cracks on micrometer 
scale but at low density.
Aiming at determining the influence of hydrogen embrittlement on fracture strength and 
durability of bonded joints, some bonded specimens from sulfuric acid etched cp titanium 
were prepared and stored under normal and humid/hot conditions. The results are shown 
in the section 4.5.1.
Figure 4.22: XRD patterns of cp titanium A) after alkaline cleaning and B) after etching in 6.2 M sulfuric 
acid showing formation of TiH2
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Figure 4.23: Cross-sectional SEM micrograph of cp titanium after etching in 6.2 M sulfuric acid showing 
formation of a hydrogen-embrittled layer close the surface area as well as the presence of cracks within this 
layer
4.3.2.5 Contact Angle Analysis
Although the O/C ratios for sulfuric acid etched Ti6Al4V alloy and cp titanium (Table 4.9
and Table 4.10) decreased as compared to that for alkaline cleaned samples. Contact angle 
analysis of etched Ti6Al4V alloy and cp titanium revealed that the surface energy 
increased as compared to that measured for alkaline cleaned samples. This means that the 
surface wettability is improved after etching in sulfuric acid. The increase of surface 
energy can be related to the increase of surface roughness of both substrates. In this 
regard, it is assumed that the increase of surface roughness after etching in sulfuric acid 
leads to the increase of the effective surface area, i.e. the enhancement of chemically 
active sites on the surface and increase of its ability to forming chemical bonds. The 
surface energy values are summarized in Table 4.11.
4.3.3 Alkaline Etching (TURCO 5578)
Aim of alkaline etching in sodium hydroxide-based solution (Turco 5578) was to remove 
the non-uniform native oxide layer on the surface. Furthermore, it was carried out to 
generate microstructures and to increase roughness on the surface in order to improve the 
performance of adhesive joints by mechanical interlocking and enhancement of effective 
surface, i.e. increasing of chemically active sites on the surface and enhancement of its 
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ability to forming chemical bonds. Finally, it was carried out in order to compare the 
chemical composition and surface morphology of alkaline etched and sulfuric acid etched 
samples and subsequently the performance of bonded joints. 
4.3.3.1 XPS and ToF-SIMS Analysis
XPS scan survey spectra of Ti6Al4V alloy and cp titanium after alkaline etching (Turco 
5578) are shown in Figure 4.24A and Figure 4.24B. The elements C, N, O, Ti, Fe and 
trace amount of Cu were detected on the surface of both etched samples. In addition, the 
alloying elements Al and V were present on Ti6Al4V alloy surface. The element 
concentrations are summarized in Table 4.9 and Table 4.10.
Figure 4.24: XPS survey spectra of A) Ti6Al4V alloy and B) cp titanium after alkaline etching showing 
slight enrichment of Fe as well as the presence of Ti, O, C, N, Al, V and Cu (impurity) on the surface
Filbey and Wightman (166) as well as Czarnecki and Rist (167) have also detected Fe on 
Ti6Al4V alloy surface after alkaline etching (Turco 5578). Czarnecki and Rist (167) argued 
that Fe comes from Fe-containing bulk material. It is enriched on the surface during the 
etching process because the iron is not attacked from the alkaline-based etchant. In 
accordance with the literature (1), Ti6Al4V alloy and cp titanium (Grade 1) used in this 
work contain ~ 0.2 wt.% iron. Thus, it is assumed that the detected Fe on both surfaces 
comes from bulk material and it is enriched on the surface during the etching process. 
Copper was present as contamination at the surface. High resolution XPS spectrum of 
Ti6Al4V alloy (Figure 4.25) revealed that the formed oxide layer at the alkaline etched 
surface consisted of TiO, Ti2O3 and TiO2. Metallic Ti was detected, as well. This means 
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that the thickness of the oxide layer on both surfaces is less than 10 nm. The 
corresponding Ti2p detail spectrum of the alkaline etched cp titanium was the same. 
Czarnecki and Rist (167) found that the oxide layer thickness of alkaline etched treated 
Ti6Al4V alloy was approximately 10 nm.
The corresponding O1s and C1s detail spectra of alkaline etched Ti6Al4V alloy and cp 
titanium are similar to those shown for alkaline cleaned samples in Figure 4.9 and Figure
4.10.
Figure 4.25: Ti2p3/2 high resolution XPS spectrum 
of Ti6Al4V alloy after alkaline etching showing the 
presence of TiO2 (dominant), Ti2O3 and TiO within 
the naturally formed titanium oxide layer as well as 
the existence of metallic Ti due to the very low 
thickness of the oxide layer (< 10 nm)
XPS detail spectra of Al and V revealed that both elements were present as oxide on the 
surface. In contrast to alkaline cleaned (SurTec 152) and sulfuric acid etched Ti6Al4V 
alloy in, the V/Ti and Al/Ti ratio (Figure 4.26) showed a slight enrichment of V and a 
slight depletion of Al in the surface region of alkaline etched Ti6Al4V alloy. This could 
be related to a selective etching of Ti6Al4V alloy with the -phase dissolving at a higher 
rate. However, SEM investigations showed no selectively etching of Ti6Al4V alloy
surface.
Figure 4.26: V/Ti and Al/Ti ratios of alkaline cleaned as well as sulfuric acid and alkaline etched (Turco
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4.3.3.2 SEM Characterization and XRD Analysis
Figure 4.27 and Figure 4.28 display SEM micrographs of Ti6Al4V alloy and cp titanium 
after etching in alkaline based solution. In contrast to sulfuric acid etched Ti6Al4V alloy, 
the alkaline etching (Turco 5578) caused no selective etching of Ti6Al4V alloy surface. 
The SEM image of alkaline etched Ti6Al4V surface showed that both -phase as well as 
-phase were anisotropically etched. SEM micrographs of alkaline etched cp titanium 
(Turco 5578) revealed groove-shaped or trench-shaped depressions in micrometer scale 
on some area of the surface (Figure 4.28). However, higher magnification showed that the 
surface contained very fine structures on a scale of a few nanometers as compared to 
sulfuric etched sample surfaces. Same results were reported by Czarnecki and Rist (167).
Filbey and Wightman (166) characterized the formed oxide layer on Ti6Al4V surface after 
alkaline etching (Turco 5578) by STEM. They found that the oxide film was not porous 
and followed the surface topography. More SEM micrographs of alkaline etched samples 
are shown in Appendix C.
In the case of alkaline etched Ti6Al4V alloy and cp titanium in, no diffraction peak could 
be attributed to TiH2 (Figure 7.52, Appendix E). In this regard, the results show that 
alkaline etching causes no hydrogen embrittlement. This is in accordance with previous 
studies (10,39).
Figure 4.27: SEM micrograph of Ti6Al4V alloy surface after alkaline etching (Turco 5578) showing 
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Figure 4.28: SEM micrograph of cp titanium surface after alkaline etching (Turco 5578) showing 
anisotropic etching as well as formation of trench-shaped structures and very fine surface texture on a scale 
of a few nanometers on the surface 
4.3.3.3 Laser Profilometry Investigations (LPM)
Surface roughness investigations of alkaline etched Ti6Al4V alloy and cp titanium 
revealed a significant enhancement of the average roughness values as compared to that 
measured for alkaline cleaned samples. It was also found that alkaline etched samples 
showed higher average roughness values than sulfuric acid etched substrates. The 
measured average roughness values are given in Table 4.12.
4.3.3.4 Contact Angle Analysis
In the case of alkaline etched Ti6Al4V alloy and cp titanium, it was found that the surface 
energy significantly increased as compared to that of cleaned and sulfuric acid etched 
samples. This indicates that surface wettability of both substrates is significantly 
improved after alkaline etching. On the other hand the O/C ratios for these samples (Table 
4.9 and Table 4.10) showed a decreasing as compared to the O/C ratios for sulfuric acid 
etched and cleaned specimens. Cai et al. (168) investigated the influence of surface 
roughness of titanium films on wettability. They found that the roughest titanium film has 
the best wettability. In this regard, the increase of surface energy after alkaline etching 
may be attributed to the increase of roughness and nanostructures on the surface generated
during etching process which certainly leads to larger effective surface area, i.e.
Trench-shaped structures
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increasing chemically active sites on the surface and enhancement of its ability to forming 
chemical bonds. The surface energy values are given in Table 4.11.
4.3.4 Cerium Conversion Coating
It is well known that the transformation of anatase into rutile affects negatively the 
durability of titanium adhesive joints when the oxide layer on the substrate surface 
consists of anatase (27). It is also established that doping of CeO2 into TiO2 particles 
(anatase) shifts the phase transformation from anatase to rutile to a higher temperature, 
i.e. kinetic stabilization of anatase phase (28-31).
The chemical modification of Ti6Al4V alloy and cp titanium substrate surfaces by 
deposition of cerium oxide layer on top of titanium oxide film has been investigated, with 
the aim of improving the stability of the surface and the titanium oxide layer morphology 
against hydrothermal effects, i.e. inhibition of the conversion of amorphous titanium 
oxide into anatase/rutile crystals.
4.3.4.1 XPS and ToF-SIMS Analysis
In the current study, cerium conversion coating is based on two different cerium salts, 
namely cerium (III) acetate hydrate (pH=6 ± 0.5) and ammonium cerium (IV) sulfate 
dihydrate (pH=1 ± 0.5). After preliminary experiments, it was found that the Ti6Al4V 
alloy and the cp titanium samples immersed in cerium (III) acetate hydrate solution for 5 
min at 45°C contained much less cerium (~ 2 at.%) at the surface as compared to the 
substrates immersed in ammonium cerium (IV) sulfate dihydrate solution under the same 
conditions (~ 10-11 at.%). A reason for this behavior could be related to different surface 
charge of cerium particles and substrate surface in solutions with different pH-values
which can lead to attractive or repulsive forces between cerium particles and substrate.
Consequently, attractive forces between cerium particles and substrate lead to adsorption 
of cerium particles on the substrate surface. Another possibility to explain this behavior is 
presumably related to the deposition mechanism of cerium oxide on titanium oxide layer 
which will be discussed later in this section. 
Figure 4.29A and Figure 4.29B show the XPS survey spectra of the Ti6Al4V alloy 
immersed in Ce4+ and Ce3+ containing solutions. According to the literature (169), it is 
possible to characterize the form of the adsorbed oxide species (compact layer/island) on 
the surface from the background behavior of XPS survey spectra.
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Figure 4.29: XPS survey spectra of Ti6Al4V alloy after cerium conversion coating in A) Ce(IV) and B) 
Ce(III) containing solutions showing the presence of Ce, O, Ti, N, C, S and Al on the surface 
In Figure 4.29A a background gradient in the range 470-530 eV is observed. The reason 
for this background gradient is the permanently detection of emitted electrons from the 
titanium oxide layer under the cerium-based layer. The emitted electrons experience
inelastic interactions on their way into vacuum in the cerium-based film and lose thereby 
kinetic energy so that they are measured at lower kinetic energy as background gradient, 
i.e. at higher binding energy (169). It follows that the formed cerium-based layer on the 
immersed Ti6Al4V sample in Ce4+ containing solution is compact. In contrast to the
immersed Ti6Al4V substrate in Ce(IV)-based solution, the XPS survey spectrum of 
immersed Ti6Al4V sample in Ce3+ containing solution (Figure 4.29B) showed no 
significant background gradient in the range 470-530 eV. This may suggest that no 
compact cerium-based film is formed on the immersed Ti6Al4V sample in Ce3+
containing solution. Thus, the emitted electrons from the titanium oxide layer undergo no
inelastic interactions on their way into vacuum and do not lose kinetic energy. 
Consequently, a background gradient does not occur in the XPS survey spectrum (Figure 
4.29B). These interpretations will be further supported by the results of the TEM and 
SEM investigations of the respective samples detailed in the section 4.3.4.2.
Same results were occurred for immersed cp titanium samples in cerium (III) acetate 
hydrate and ammonium cerium (IV) sulfate dihydrate solutions under the same treatment 
conditions. For this reason, the cerium conversion coating was performed by immersion
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the Ti6Al4V alloy and cp titanium samples in the solution of ammonium cerium (IV) 
sulfate dihydrate for 5 min at 45°C. 
Figure 4.30A and Figure 4.30B displays the XPS survey spectra of Ti6Al4V alloy and cp 
titanium after cerium conversion coating. The elements C, O, N, Ti, Ce and S were 
present on both surfaces. In addition, the element Al was detected on Ti6Al4V alloy 
surface. The element concentrations are summarized in Table 4.9 and Table 4.10. The 
corresponding Ti2p detail spectra of both cerium treated samples were similar to that 
shown for alkaline cleaned sample in Figure 4.11. Since metallic Ti has been detected on 
both surfaces, it is to infer that both titanium oxide layer as well as the cerium conversion 
film are less than 10 nm. It follows that the cerium conversion coating process causes no 
growing of the titanium oxide layer. This interpretation is in agreement with TEM result 
detailed in section 4.3.4.2.
Figure 4.30: XPS survey spectra of A) Ti6Al4V alloy and B) cp titanium after cerium conversion coating in 
1 wt.% ammonium cerium (IV) sulfate dihydrate solution showing the presence of Ce, O, Ti, N, C, S (SO42)
and Al on the surface
Kobayashi and Fujiwara (24) used sulfate containing as well as sulfate free cerium-based
solutions to prepare cerium conversion coatings on galvanized steel. The pre-treated 
surfaces were analyzed by means of X-ray photoelectron spectroscopy. It was found that 
sulfur was present just on the coatings prepared from sulfate containing solution. The 
authors claimed that sulfur comes from the electrolyte and it can be assigned to sulfate 
ion. In this regard, it is expected that the detected sulfur on the cerium conversion film 
comes from the sulfate containing electrolyte and it can be assigned to sulfate (Table 4.5).
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This result is consistent with evolvement of the measured O1s high resolution spectra 
given in Figure 4.35.
In order to investigate the chemical state of Ce in the conversion film, XPS high 
resolution spectra of cerium and oxygen were measured. Figure 4.31 shows the Ce3d 
detail spectrum of the conversion layer at Ti6Al4V alloy surface. It was noted that cerium 
was present in both Ce3+ and Ce4+ oxidation states. The presence of cerium in tetravalent 
state was confirmed additionally by the presence of the satellite peak around 916.0 eV, 
attributed to an energy gain (representing “shake-down”) process (170). It was reported in 
previous works (20,170,171) that this satellite peak arises exclusively from Ce4+ and was 
absent in the Ce3d spectra of pure Ce3+. Furthermore, it was found that the cerium 
conversion coating contained mainly Ce2O3 (Figure 4.32A and Figure 4.32B). The 
corresponding Ce3d detail spectrum of the cerium treated cp titanium was equivalent. The 
peak positions and the peak assignments are presented in Table 4.5.
Figure 4.31: Ce3d high resolution XPS spectrum 
of Ti6Al4 alloy after cerium conversion coating in 
1 wt.% ammonium cerium (IV) sulfate dihydrate 
solution showing the presence of CeO2 and Ce2O3
within the cerium coating
In terms of the adsorption mechanism of cerium, Mansilla et al. (172) investigated the 
growth mechanism of cerium oxide on reduced titania (Ti3+ and Ti4+) particles. They 
reported that the first stage of the growth is a redox reaction, which reduces the Ce4+ to 
Ce3+ and oxidizes Ti3+ to Ti4+, when Ce4+ ions are on close contact to the partially reduced 
titania surface. In this way Ce3+ ions are stabilized at the slightly reduced titania surface 
and forms a very thin layer (below 1 nm thickness) due to the strong interaction between 
the adsorbate (Ce3+) and substrate. As the amount of deposition increase, thicker layer is 
formed, with a progressive increase in Ce4+ character. These researchers confirmed by 
means of angle resolved XPS measurements that Ce3+ was mainly located at the interface 
to the titania surface and not in the surface region of cerium oxide layer. These authors 
also reported that cerium oxide spreads better on alumina (Al2O3) than on titania surface 
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due to better wetting prosperities of alumina. In this work, the XPS analysis have 
confirmed that the titanium oxide layer on both sample surfaces after acid etching 
contains besides Ti4+, also Ti3+ and Ti2+. Therefore, it is proposed that the same deposition 
mechanism as reported by Mansilla et al. (172) also leads to the formation of cerium oxide 
layer on Ti6Al4V alloy and cp titanium surfaces after immersion of the samples in 
ammonium cerium (IV) sulfate dihydrate solution. Since the radii of Ce4+ (~ 0.90  (31,
173) and Ce3+ (~ 1.1  (174) are larger than that of Ti4+ (~ 0.65  (30,175), it is difficult to 
incorporate them in the titanium oxide layer. Thus, it is to infer that a separate cerium 
oxide layer forms on top of titanium oxide film during conversion processes. This was 
confirmed by TEM investigations (see section 4.3.4.2). Since the thickness of cerium-
based film was very small (< 10 nm) and the substrate surfaces exhibited high roughness,
determination of the cerium conversion layer structure was not possible by means of angle 
resolved XPS as well as by depth profile measurements in the current study.
As was mentioned in the section 2.6.3, Ce3+ ions are unstable under ambient air as well as 
in water and are readily converted to Ce4+ ions. However, it is also known that the 
spontaneous oxidation of Ce3+ to Ce4+ ion in the solution is slower with increasing the pH 
values (176). Thus, it is expected that the cerium (III) acetate hydrate solution (pH = 6 ± 
0.5) contained mainly of Ce3+ ions as well as small amount of Ce4+ ions which were not 
sufficient to formation a Ce2O3 layer as a basic layer for further cerium deposition on 
titanium oxide surface, as reported by Mansilla et al. (172).
In terms of the thickness of the cerium conversion layers, it was found that deposition 
time (15 min) longer than 5 min caused no significant increasing of cerium concentration 
on the surface and the thickness of the conversion layers. The overall surface composition 
was retained. Referring to Figure 4.32A and Figure 4.32B, an enhancement of Ce4+
portion in the cerium conversion layers is observed when the deposition time increases
from 5 min up to 15 min. Braaten et al. (177) found that a gradual conversion from trivalent 
to tetravalent cerium oxide takes place with increasing oxygen exposure due to a catalytic 
oxidation process. Lingjie et al. (178) also reported that Ce3+ converts to Ce4+ in a formed 
cerium conversion film on AZ31 magnesium after exposure to air. In another study 
carried out by Alexandrou and Nix (179), cerium oixde films deposited on palladium 
substrate were analyzed by means of XPS. Their results showed that contact of deposited 
Ce2O3 film on palladium (vacuum deposition) to ambient condition yields a thin capping 
layer of CeO2, i.e. oxidation of Ce3+ to Ce4+. In this regard, it is supposed that the 
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increasing of Ce4+ portion in the cerium conversion layers on Ti6Al4V alloy and cp 
titanium surfaces result from oxygen diffusion into the cerium oxide-based layer. This 
was effected by longer exposure time to the oxygenated ammonium cerium (IV) sulfate 
dihydrate electrolyte. Moreover, the coating core is probably formed by Ce2O3 while the 
external film consists of CeO2, as reported by Pardo et al. (19). The percentage of Ce4+ in 
the conversion layers was calculated from Yu equation (180) which was derived from 
experimental data.
                                                                                  4.1
where  is the satellite area percentage at 916.0 eV with respect to total Ce3d area. 
Figure 4.32: A) Ce4+ portion in the cerium conversion coatings and B) Ce4+/Ce3+ratios calculated from 
Ce3d high resolution XPS spectra showing the rising CeO2 concentration within the cerium coating with the 
increase of pre-treatment time
Figure 4.33 illustrates the C1s detail spectrum of a cerium treated Ti6Al4V substrate. As 
in the case of cleaned and etched samples, the presence of carbon is due to the 
accumulation of adsorbates during exposure to air (180). The carbon peak is deconvoluted 
into four signals which demonstrate carbon in aliphatic as the main component, 
ether/alcohol, carbonyl and carbonate compounds. The corresponding C1s high resolution 
spectrum of the cerium treated cp titanium was comparable.
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Figure 4.33: C1s high resolution XPS spectrum of 
Ti6Al4 alloy after cerium conversion coating in 1 
wt.% ammonium cerium (IV) sulfate dihydrate 
solution showing adsorption of aliphatic, 
alcohol/ether and ester/carbonate compounds on the 
surface
The carbon concentration values (Table 4.9 and Table 4.10) revealed that the carbon 
content on the deposited cerium oxide layer at both sample surfaces (Ti6Al4V alloy and 
cp titanium) increased by approximately 5-10 at.% as compared to the carbon 
concentration on alkaline cleaned and sulfuric acid etched surfaces. It was noted that the 
O-(C=O)-O/C(total) ratios, calculated from C1s high resolution XPS spectra, significantly 
increased after conversion coating as compared to that for alkaline cleaned and acidic 
etched samples Figure 4.34. Nevertheless, the C-(C, H)/C(total) ratios for conversion 
coated surface was similar to those for cleaned and etched samples (Figure 4.34). The C-
O-(C, H)/C(total) ratios as well as C=O/C(total) ratios for conversion coated substrates 
also showed no significant difference in comparison to those for cleaned and etched 
samples. Thus, it is to infer that the increasing carbon concentration on the cerium treated 
surfaces is due to adsorption/formation of carbonate compounds on the surface. The 
detection of carbonate compounds on the cerium oxide layer is in agreement with 
previous results (181-184) as well as with the deconvolution of the measured O1s detail 
spectra (Figure 4.35). Moreover, the formation of carbonate compounds on the cerium 
oxide layer could be attributed to the strong tendency of CeO2 toward chemisorption of 
CO2 under ambient conditions, as reported by Zaki and Knözinger (86). It is well known 
that CO2 can react with an oxygen ion and gives surface carbonate (66). The increasing 
carbon concentration on the surface indicates that cerium oxide-based conversion layer 
has a stronger tendency to adsorb carbon containing compounds from ambient air than the 
naturally formed titanium oxide film. This concerns especially carbonate-like compounds 
or oxygen containing carbon compounds which can react to carbonate-like groups on the 
surface, Therefore, it is expected that cerium oxide film is more reactive (basic character)
than titanium oxide layer. In a study carried out by Vázquez (185), the results indicated that 
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the number of Lewis acid sites significantly increased when alumina samples were doped 
with the high concentration of cerium. However, it was reported in the literature (186) that 
the main reason for decreasing the reactivity of Au/CeO2 catalysts is the adsorption of 
carbonate on the surface which may block the active sites on the surface. This will be 
discussed in more detail in the section 4.3.5.1.
Figure 4.34: C-(C,H)/C(total) and O-(C=O)-O/C(total) ratios calculated from Ce3d high resolution XPS 
spectra showing the increase of the concentration of carbonate compounds on the surface after cerium 
conversion coating
The high resolution O1s spectrum of cerium treated Ti6Al4V alloy (Figure 4.35) is 
resolved into three signals. The signal at 529.9 eV is attributed to oxygen species on the 
surface such as cerium oxide and titanium oxide. The signal at 531.4 eV is assigned to 
oxygen in hydroxyl groups as well as to oxygen in carbonyl group, carbonate and sulfate 
compounds. This signal exhibited a significant increasing intensity as compared to the
same signal in O1s spectra of alkaline cleaned substrates. The increase of the signal 
intensity results from the enhancement of carbonate concentration and the presence of 
sulfate ions on the surface because the oxygen signals of carbonyl group, carbonate and 
sulfate overlapped with that of hydroxyl groups (24,171,181,187). The last signal near 532.5
can be attributed to oxygen in alcohol/ether as well as to oxygen of adsorbed water on the 
surface. The corresponding O1s detail spectrum of the cerium treated cp titanium was the 
same.
Figure 4.35: O1s high resolution XPS spectrum of 
Ti6Al4 alloy after cerium conversion coating in 1 
wt.% ammonium cerium (IV) sulfate dihydrate 
solution showing adsorption of aliphatic, 
alcohol/ether and ester/carbonate compounds, 
sulfate and hydroxyl groups as well as adsorption of 
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                         Binding energy (eV)
present work                     previous works
Ce3d5/2 CeO2 3.3 881.5 881.4-882.9   (24,25,182,188,189,190)
Ce2O3 3.1 885.2 885.2-885.9 (25,182,189)
CeO2 3.1 887.7 887.7-888.9 (24,182,188,189,190)
Ce3d3/2 CeO2 2.7 898.1 897.1-899.4 (25,182,188,189,190)
CeO2 3.0 900.4 899.8-901.5 (24,25,188,189,190)
Ce2O3 3.1 904.0 904.0-904.5 (25,189,190)
CeO2 2.6 906.5 906.2-908.1 (24,25,188,189)
Satellite 
peak
CeO2 2.5 916.0 915.5- 918.0 (24,25,182,189,190)
S2p SO42- 2.0 169.2 168.0-171.0 (24,135)
Figure 4.36 display the positive ToF-SIMS spectra of a cerium treated Ti6Al4V sample. 
As in the case of alkaline cleaned Ti6Al4V substrate, common atmospheric adsorbates
were detected on cerium treated surface. In addition, C2HCe+, C2H2Ce+ and CH2OCe+
fragments were observed which may exhibit chemisorbed carbon containing compounds
on cerium oxide film. Cerium fragments such as Ce+, CeO+, CeOH+, CeO2+ and Ce2O3+
have also been detected. It follows that the deposited cerium-based layer on the titanium 
oxide layer at the surface consists of oxide and hydroxide cerium compounds. Vickerman 
et al. (191) investigated pure CeO2 particles by means of ToF-SIMS and detected Ce+,
CeO+ and CeO2+ fragments. In this regard, the results show that the cerium film at the 
surface contains CeO2. Moreover, the absence of Ce3OX fragments confirms that the 
cerium layer also consists of Ce2O3, as reported by Vickerman et al. (191).
The corresponding positive ToF-SIMS spectrum of cerium treated cp titanium was 
comparable (Figure 7.11, Appendix B).
Figure 4.37 illustrates the negative ToF-SIMS spectrum of Ti6Al4V alloy surface after 
cerium conversions coating. The common atmospheric adsorbates such as C2OH, CNO
and C2H3O2 were observed, which were also reported by Wieland (153). Additionally, 
CHO4Ce fragment was detected which could be attributed to chemisorbed carbonate-like 
compounds on cerium oxide film. Carbonate fragment was detected, as well. Sulfur 
fragments such as S, SO, SO3 and SO4 were also observed which confirmed the 
presence of sulfate ions on the substrate surface. It is well known that CeO2 is able to 
store sulfate. The exact storing process is explained by Vickerman et al. (191). Considering 
the obtained ToF-SIMS and XPS results, it is not possible to reveal whether the sulfate 
ion is incorporated within the cerium conversion layer or it is present only on the cerium 
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coating. In the negative ion spectrum of cerium treated Ti6Al4V sample, signals from 
CeO, CeO2 and CeO2OH were also detected which confirm the presence of CeO2 in the 
cerium conversion film. This finding is in agreement with previous results (191).
The corresponding negative ToF-SIMS spectrum of cerium treated cp titanium was 
analogous (Figure 7.12, Appendix B).
All obtained ToF-SIMS results of cerium treated samples were qualitatively in consistent 
with the corresponding XPS results. 
Figure 4.36: Positive ToF-SIMS spectra of Ti6Al4V alloy after cerium conversion coating in 1 wt.% 
ammonium cerium (IV) sulfate dihydrate solution showing cerium and carbon compounds on the surface 
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Figure 4.37: Negative ToF-SIMS spectrum of Ti6Al4V alloy after cerium conversion coating in 1 wt.% in 
ammonium cerium (IV) sulfate dihydrate solution showing cerium, carbon and sulfur compounds on the 
surface 
Table 4.6: Negative and positive fragments obtained by means of ToF-SISM investigations of Ti6Al4V 
alloy after cerium conversion coating





CH3O+ 31.018 C 11.999
C3H3+ 39.022 CH 13.008
C3H5+ 41.039 CH2 14.015
C3H6+ 42.029 O 15.994
C2H3O+ 43.018 OH 17.002
C3H8+ 44.058 C2 23.999
C4H4+ 52.030 C2H 25.008
C2H3O+ 55.017 CN 26.005
C4H8+ 55.054 S 31.969
C5H7+ 66.955 C2HO 41.004
C4H5O+ 69.037 CNO 41.996
C4H7O+ 71.053 C2H3O 43.019
C6H9+ 81.075 CO2 43.990
Ce+ 139.900 CHO2 44.998
CeH+ 140.907 SO 47.967
CeO+ 155.898 C2H3O2 59.014
CeOH+ 156.903 CO3 59.985
C2HCe+ 164.906 SO2 63.967
C2H2Ce+ 165.906 SO3 79.959
CH2OCe 169.893 SO4 95.950
CeO2+ 171.889 CeO 155.891
CeO2H+ 172.904 CeO2 171.896
CeH2O2+ 173.916 CeO2OH 188.782
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4.3.4.2 SEM and TEM Characterization
Figure 4.38 displays the SEM micrograph of immersed Ti6Al4V alloy in cerium(III) 
acetate hydrate solution. It appears from this image that very small white regions on a
scale of a few nanometers of cerium oxide are formed on the Ti6Al4V alloy surface after 
immersion in Ce(III)-based solution. The SEM image of immersed cp titanium in Ce(III)-
based solution revealed analogous very small white regions on the surface (Figure 7.29,
Appendix C). As indicated in previous section, the XPS survey spectra of immersed 
Ti6Al4V and cp titanium samples in Ce3+ containing solution (Figure 4.29B) showed no 
significant background gradient in the range 470-530 eV. In view of obtained XPS and 
SEM results, it is believed that small islands of cerium oxide is formed on the substrate 
surfaces during pre-treatment of them in Ce(III)-based solution.
In contrast to immersed samples in cerium (III) acetate hydrate solution, Ti6Al4V alloy 
and cp titanium which were dipped in ammonium cerium (IV) sulfate dihydrate solution 
showed no formation of very small white regions on the surface (Figure 4.39). 
Furthermore, it is seen that the overall surface morphology of both samples was retained 
after cerium conversion coating. In this regard, the SEM and XPS investigations suggest 
that cerium (IV)-based conversion treatment modifies only the chemical composition of 
the surface and causes no significant change in the surface morphology of both Ti6Al4V 
alloy and cp titanium substrates. 
Cross-sectional TEM micrograph of cerium conversion coated Ti6Al4V alloy is presented 
in Figure 4.40. It was found that a cerium oxide layer formed on the titanium oxide film 
with a thickness of about 2-4 nm. This layer exhibited a predominantly amorphous 
structure. Further TEM investigations indicated that the cerium oxide layer followed the 
surface topography and covered the complete surface area. Same results were obtained for 
cerium conversion coated cp titanium. More TEM images are shown in Appendix D.
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Figure 4.38: SEM micrograph of immersed Ti6Al4 alloy in 1 wt.% cerium (III) acetate hydrate solution
showing formation of very small white regions (nanometer scale) of cerium oxide on the surface
Figure 4.39: SEM micrograph of Ti6Al4V alloy after cerium conversion coating in 1 wt.% ammonium 
cerium sulfate dihydrate solution showing no significant change in the surface morphology after conversion 
coating as compared to sulfuric acid etched surface
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Figure 4.40: Cross-sectional TEM 
micrograph of Ti6Al4V alloy after 
cerium conversion coating in 1 wt.%
ammonium cerium (IV) sulfate dihydrate
solution showing formation of 
amorphous cerium oxide layer on the 
amorphous titanium oxide film
4.3.4.3 Laser Profilometry Investigations (LPM)
Investigations by means of LPM exhibited no remarkable change of average roughness of 
the surface after cerium coating as compared to that for sulfuric acid etched surfaces. The 
average roughness values are given in Table 4.12.
4.3.4.4 Contact Angle Analysis
The surface energy of cerium conversion coated Ti6Al4V alloy and cp titanium showed a 
significant decrease as compared to the surface energy of sulfuric acid etched and alkaline 
cleaned samples. This means that the surface wettability is reduced after cerium treatment 
as compared to that for etched and cleaned samples. The O/C ratios for these samples
(Table 4.9 and Table 4.10) showed a significantly decreasing as compared to the O/C 
ratios for etched and cleaned specimens. As mentioned in previous sections, the average 
roughness of the surface as well as the surface morphology exhibited no remarkable 
change after cerium coating. In this regard, it is believed that the main reason for the 
reduction of surface energy after cerium coating is due to the increase of the concentration
of carbonate-like compounds on the surface which may blocked the chemically active 
sites on the surface. On the other hand, one cannot rule out that cerium oxide layer has no 
influence on the decrease of surface energy of titanium substrate. The surface energy 




4.0 Results and Discussion__________________________________________________
74
 
4.3.5 Anodization in Cerium (IV)-Based Solution
The aim of anodization in cerium (IV)-based solution was to determine the effect of 
cerium on anodic titanium oxide layers with respect to their chemical composition and 
structure as well as to analyze the chemical composition and structure of the anodic 
cerium containing films. Finally, the influence of such layers on the hydrothermal aging 
behavior of anodic titanium oxide film was investigated.
4.3.5.1 XPS and ToF-SIMS Analysis
The XPS survey spectra of Ti6Al4V alloy and cp titanium samples anodized in 
ammonium cerium (IV) sulfate dihydrate solution (Figure 4.41A and Figure 4.41B)
revealed the presence of O, N, C, Ti, Ce, and S. In addition, Al was observed on the 
anodized Ti6Al4V alloy surface.
As in the case of cerium conversion coated Ti6AlV alloy and cp titanium samples, a 
background gradient (see section 4.3.4.1) in the range 470-530 eV can be seen. Therefore, 
it is considered that compact cerium-based layers were formed on top of the titanium 
oxide film at both substrate surfaces during the anodization process. The fact that titanium 
can be observed, indicates that the formed cerium-based layers on both surfaces are less 
than 10 nm thick.
Figure 4.41: XPS survey spectra of A) Ti6Al4V alloy and B) cp titanium after anodization in 1 wt.% 
ammonium cerium (IV) sulfate dihydrate solution showing the presence of O, C, N, Ti, Ce, Al and S (SO42-)
on the surface
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The corresponding Ti2p detail spectra of both anodized samples in cerium-based solution 
were similar to that shown for anodized substrates in sulfuric acid in Figure 4.11. TiO2
was detected, however, no Ti2O3 and TiO were observed on the surface. Since no metallic 
Ti has been detected on both surfaces, it is to infer that the titanium oxide films on both 
substrate surfaces are ticker than 10 nm. In this regard, the results show that besides the 
formation of a few nanometer thick cerium-based film (< 10 nm) on both surfaces, the 
titanium oxide films grow during the anodization process. This interpretation is in 
agreement with the TEM results detailed in the section 4.3.5.2. The corresponding Ti high 
resolution spectrum of the anodized cp titanium was comparable.
Figure 4.42 illustrates the Ce3d detail spectrum of the anodic cerium layer on the 
Ti6Al4V alloy surface. As in the case of the cerium conversion coating, the anodic cerium 
film consists of Ce3+ and Ce4+ oxide. The corresponding Ce high resolution spectrum of 
the anodized cp titanium was equivalent.
It is believed that the anodic titanium oxide layer contains Ti3+ oxide near the oxide/metal 
interface. Thus, it is considered that the adsorption mechanism of cerium on the titanium 
oxide film is similar to that discussed by Mansilla et al. (172).
Figure 4.42: Ce3d high resolution XPS spectra of 
Ti6Al4V alloy after anodization in 1 wt.% 
ammonium cerium (IV) sulfate dihydrate solution
showing the presence of CeO2 and Ce2O3 within the 
anodic cerium oxide layer
In contrast to cerium conversion coatings, it appears from Figure 4.43 that the anodic 
cerium oxide layers at Ti6Al4V alloy and cp titanium surfaces consist mainly of CeO2.
This behavior could be related to the faster oxygen diffusion processes during the 
anodization procedure as compared to the lower oxygen diffusion during the conversion 
coating. The electrolytic oxidization of Ce3+ to Ce4+ oxide is well known (114).
There is no detailed comparison between acid-base properties of Ce4+ and Ce3+ oxide in 
the literature. However, it is well established that by reduction of Ce4+ to Ce3+ oxide the 
reactivity of the cerium oxide mixture decrease (186). The reason for this result could be 
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associated with different electronegativity of both oxides. Since the electronegativity of 
CeO2 (2.66, Pauling unit) is slightly higher than that of Ce2O3 (2.41, Pauling unit) (192),
thus, it is assumed that CeO2 has more basic character than Ce2O3 (192). Accordingly, it is 
supposed that CeO2 is more reactive than Ce2O3. As a result of apparent difference in Ce4+
portion between the anodic cerium oxide layer and the cerium conversion film (Figure 
4.43), it is believed that the anodic cerium oxide film is more reactive than the cerium 
conversion layer. On the other hand TEM results (see section 4.3.5.2) exhibited that the 
degree of crystallinity of the anodic cerium oxide film was much higher than that of the 
cerium conversion film. Hence, it is assumed that the anodic cerium oxide layer has a
higher degree of coordinative unsaturation (see section 2.3.5) (point defects and oxygen 
vacancies), whereby may increase the number of chemical active sites on the surface as 
compared to that of cerium conversion film. This is presumably the main reason for the 
higher carbon concentration on the anodic cerium oxide film as compared to cerium 
conversion coating which will be discussed below (Table 4.9 and Table 4.10).
Figure 4.43: A) Ce4+ portion in the cerium conversion coatings and anodic cerium oxide layer as well as B) 
Ce4+/Ce3+ratios calculated from Ce3d high resolution XPS spectra showing the increase of CeO2
concentration within the anodic cerium oxide layer as compared to cerium conversion coating
The corresponding C1s and O1s detail XPS spectra of anodized Ti6Al4V alloy and cp 
titanium in cerium-based solution were similar to that shown for cerium conversion 
coated samples in Figure 4.33 and Figure 4.35.
The carbon concentration values (Table 4.9 and Table 4.10) revealed that the carbon 
content on the anodic cerium oxide films increased approximately by 15-20 at.% as 
compared to that on the alkaline cleaned and sulfuric acid etched surfaces. Figure 4.44
clearly show that the O-(C=O)-O/C(total) ratios, calculated from C1s high resolution XPS 
spectra, significantly increase after anodization of Ti6Al4V and cp titanium in cerium 
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etched samples. Moreover, it was noted that the C-(C, H)/C(total) ratio for anodized 
Ti6Al4V sample increased while the C-(C, H)/C(total) ratio for anodized cp titanium 
sample was similar to those for cleaned and etched specimens. The C-O-(C, H)/C(total) 
and C=O/C(total) ratios for anodized sample was also similar to those for cleaned and 
etched substrates. Therefore, it is concluded that the enhancement of carbon concentration 
on the anodized Ti6Al4V surfaces is attributed to the increase of adsorbed or surface-
formed carbonate-like groups as well as hydrocarbon compounds. In a study by Hughes et 
al. (181), an aluminum alloy surface was chemical modified by cerium conversion coating.
The results obtained by means of XPS showed the presence of carbonate-like compounds
on the cerium oxide layer on top of aluminum oxide film. Other researchers (182-184) also 
confirmed by XPS investigations the presence of carbonate-like compounds on the 
surface of cerium oxide particles which were differently pre-treated. In this context, the 
detection of carbonate-like compounds on the cerium conversion layer and anodic cerium 
oxide film on top of titanium oxide is in accordance with earlier studies (181-184) as well as 
with the deconvolution of the measured O1s detail spectra.
Figure 4.44: C-(C, H)/C(total) and O-(C=O)-O/C(total) ratios calculated from C1s high resolution XPS 
spectra showing the significant increase of the concentration of carbonate compounds on the surface after 
anodizing in Ce(IV)-based solution
The increase of carbon concentration on the anodized titanium surface in Ce(IV)-based 
solution as compared to the naturally formed titanium oxide film exhibits that the anodic 
cerium oxide layer has a higher affinity to adsorb carbon containing compounds from 
ambient air. This concerns especially hydrocarbon and carbonate-like compounds or 
oxygen containing carbon compounds which can react to carbonate-like groups on the 
surface. An explanation for this behavior of cerium oxide film could be related to the 
higher reactivity of this layer as compared to titanium oxide film. The distinction in the 
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OH group density (87) as well as to differences in the degree of coordinative unsaturated 
sites (point defects or oxygen vacancy (193-196)) of each surface.
The corresponding positive ToF-SIMS spectra of both anodized samples in cerium (IV)-
based solution were similar to that shown for cerium conversion coated substrates in
Figure 4.36. Titanium fragment was detected in the anodic cerium oxide film. It is 
possible that during anodization some titanium ions enter into the cerium oxide layer. The 
diffusion of titanium ions into cerium oxide film is well known (31). Because the ionic 
radius of Ti4+ (~ 0.65 Å) is much smaller than that of Ce4+ (~ 0.90 Å) (31,173). Palmqvist et 
al (184) found that doping of CeO2 with Ca, Mn and Nd cations introduces defects and 
oxygen vacancies in the cerium dioxide structure which generate active sites. In this 
regard, it is believed that the incorporation of Ti ions in the cerium oxide layer lead to 
oxygen vacancies and to local structure changes whereby the degree of coordinative 
unsaturation sites and accordingly the reactivity of the cerium oxide film increase. 
As in the case of alkaline cleaned and cerium conversion coated samples, common 
atmospheric contaminants were detected on both anodized surfaces. Cerium fragments 
such as Ce+, CeO+, CeOH+, CeO2+ and Ce2O3+ have also been observed. The existence of 
these fragments confirms the presence of Ce2O3 and CeO2 in the anodic cerium oxide
film. 
The corresponding negative ToF-SIMS spectra of anodized Ti6Al4V alloy and cp 
titanium samples in cerium (IV)-based solution were similar to that shown for cerium 
conversion coated substrates in Figure 4.37. The detection of cerium and sulfur fragments 
validate the presence of cerium oxide and sulfate compounds on both anodized surfaces. 
Carbonate fragment was observed, as well. All ToF-SIMS spectra of anodized Ti6Al4V 
alloy and cp titanium samples in cerium (IV)-based solution are shown in Appendix B.
All obtained results of anodized samples by ToF-SIMS investigations were qualitatively 
in agreement with the corresponding XPS results.
Referring to the S2p XPS detail spectra (Figure 4.28A and Figure 4.28B), the detected 
sulfur on both substrate surfaces can be assign to sulfate (24,135). Figure 4.45 displays depth 
profile of anodized Ti6Al4V alloy surface obtained from the ToF-SIMS analysis. It seems 
that sulfur was infiltrated up to half of the anodic titanium oxide film. Since the radii of 
sulfate ion (~ 2.3 Å) (232) is much larger than that of Ti4+ (~ 0.65 Å) (30,75) , Ce4+ (~ 0.90 Å)
(31,73) and Ce3+ (~ 1.1 Å) (74) , thus, it is difficult to incorporate them in the anodic titanium 
oxide layer as well as in the anodic cerium oxide film. An explanation for the detection of 
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sulfur throughout the titanium oxide layer could be related to the presence of lamellar and 
porous shaped structures on the surface where sulfate ions can be located and from the 
surface not be removed during the rinsing process. Furthermore, it appears from these 
spectra that Al and V are incorporated throughout the titanium oxide layer.
Figure 4.45: Depth profile of formed titanium 
oxide and cerium oxide film on Ti6Al4V surface 
after anodization in 1 wt.% ammonium cerium 
(IV) sulfate dihydrate solution showing the 
presence of Al and V within the anodic titanium 
oxide layer
4.3.5.2 SEM and TEM Characterization 
Figure 4.46 and Figure 4.47 show SEM images of anodized Ti6Al4V alloy and cp 
titanium in ammonium cerium (IV) sulfate dihydrate solution. It was found that the 
surface morphology generated by etching in sulfuric acid was retained. However, a
thickening of the titanium oxide layer seems to take place during the anodization process.
Since the anodic cerium oxide films on both surfaces are ultrathin (< 10 nm), it is not 
possible to see them in SEM images.
In the case of anodized Ti6Al4V alloy, the titanium oxide layer showed a few cracks at 
nanometer scale (Figure 4.46). Additionally, very fine pit-like structures on the scale of a 
few nanometers were observed on some area of the oxide surface (Figure 4.46). In a study 
by D’Elia et al. (201), a CeO2 layer was obtained by thermal decomposition of 
Ce(NO3)3·6H2O on TiO2/Ti plates. They investigated the thermally TiO2 layer generated
before and after cerium treatment by means of SEM. The results showed that some cracks 
were formed on the surface of titanium oxide layer after cerium treatment. An explanation
for the cracking on the surface after cerium treatment could be related to the dehydration 
during drying or the effects of water elimination reactions (syneresis) during cerium oxide 
film formation(18,202). In general, the formation of cracks on anodic oxide layers may 
reduce the quality of such layers because their presences affect the corrosion protection 
properties negatively as well as the cohesion strength of the anodic oxide layers and 
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thereby can occur detrimental effects in the relevant applications of them (e.g. fracture 
within anodic oxide layer of adhesively bonded parts).
In contrast to the anodic oxide film at Ti6Al4V surface, the anodic oxide layer on the cp 
titanium surface exhibited no cracks. Furthermore, the anodic titanium oxide layer on cp 
titanium surface exhibited a fine textured surface as compared to the anodic oxide film at 
Ti6Al4V surface (Figure 4.47). More SEM images are shown in Appendix C.
Figure 4.48 and Figure 4.49 display the cross-sectional TEM images of anodized 
Ti6Al4V alloy and cp titanium in ammonium cerium (IV) sulfate dihydrate solution. It 
was observed that a titanium oxide layer with a thickness of about 50 nm formed during 
anodization at the Ti6Al4V alloy surface. In contrast to Ti6Al4V alloy, the anodic oxide 
film on cp titanium surface showed no uniforml thickness. The oxide thickness varied 
from 50 nm to 300 nm. It was noted that cerium oxide films generated on top of titanium 
oxide layers at both substrate surfaces during the anodization process. The thickness of 
both cerium oxide layers was approximately 2-4 nm and it showed partially crystalline 
structures. TEM images also revealed that the cerium oxide layers on both Ti6Al4V alloy 
and cp titanium surfaces followed the surface topography and covered the complete 
surface area. In contrast to cerium oxide film, the anodic titanium oxide layers at both 
sample surfaces were mainly amorphous. However, a few small crystallized areas were 
observed within the anodic oxide layer at cp titanium surface. Furthermore, a few 
nanoscale (20-30 nm) voids were detected within the titanium oxide layer at the Ti6Al4V 
alloy surface. In the case of anodized cp titanium, a higher density of voids of dimension 
about 20-30 nm was observed in the middle of the titanium oxide film. Similar formation 
of voids has also been observed after anodic oxidation of titanium, titanium alloys and 
aluminum alloys in previous studies (203-206). Some possible mechanisms of void formation 
were discussed in earlier works (168,203-210).
Aiming at adhesively bonding metals (e.g. titanium and titanium alloys), investigation of 
anodic oxide layers regarding void formation is recommended after any anodization
process. Because the presence of high density of voids at the metal/oxide interface or 
within the anodic oxide layers may reduce adhesion of the oxide film at the interface to 
the base material or decrease the cohesive strength of the anodic oxide layer, as reported 
in previous studies (206,207). In this context, the investigation of anodic oxide layer 
regarding void formation should be one of the factors for quality evaluation of such layers 
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and this is a very important aspect in adhesive bonding technology. Because anodic oxide 
layers with low cohesion strength reduce the performance of bonded jonts.
As shown above, the anodized cp titanium in cerium-based solution showed a high 
density of voids within the oxide layer. Since cp titanium was used as a reference material 
in the current study, no adhesive bonding test of anodized cp titanium in the cerium-based 
solution was carried out. Hence, there are no results about the influence of high density of 
voids within the oxide film on fracture strength and durability of bonded joints in this 
study. More cross-sectional TEM micrographs of anodized Ti6Al4V alloy and cp titanium 
in cerium-based solution are shown in the Appendix D.
Figure 4.46: SEM micrographs of Ti6Al4V alloy after anodization in 1 wt.% ammonium cerium (IV) 
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Figure 4.47: SEM micrograph of cp titaniuim after anodization in 1 wt.% ammonium cerium (IV) sulfate 
dihydrate solution showing formation of very fine surface texture on a scale of a few nanometers on the 
anodic titanium oxide surface
Figure 4.48: SEM Cross-sectional TEM 
micrograph of Ti6Al4V alloy after 
anodization in 1 wt.% ammonium cerium 
(IV) sulfate dehydrate showing formation
of a amorphous titanium oxide layer and 
a cerium oxide layer on top of it5 nm
4.0 Results and Discussion__________________________________________________
83
 
Figure 4.49: Cross-sectional TEM 
micrograph of cp titanium after 
anodization in 1 wt.% ammonium cerium 
(IV) sulfate dehydrate showing formation 
of voids within anodic titanium oxide 
layer
4.3.5.3 Laser Profilometry Investigations (LPM)
The roughness analysis by means of LPM showed that the average roughness values (Ra)
for anodized Ti6Al4V alloy and cp titanium in ammonium cerium (IV) sulfate dihydrate 
solution decreased as compared to that for sulfuric acid etched substrates. The measured 
average roughness values are given in Table 4.12. These values were similar to those of 
the alkaline cleaned samples. It is proposed that the compact and non-porous anodic 
titanium oxide layer on both sample surfaces covers the fine scale rough structures on the 
surface and causes thereby a smoothing effect of the surface. A similar behavior was 
found by Lu et al.(211), Rappich (212), Mende and Wende (213) as well as by Savas and 
Earthman (214), where tantalum, silicon and aluminum substrates were anodized in 
different solutions. 
4.3.5.4 Contact Angle Analysis
As in the case of cerium conversion coated samples, it was found that the surface energy 
of Ti6Al4V alloy and cp titanium decreased after anodization in Ce(IV)-based solution as 
compared to that for cleaned and etched samples. This means that the surface wettability 
is reduced after anodization as compared to the wettability of cleaned and etched samples. 
As mentioned in earlier sections, the surface roughness decreases and the carbon 
concentration increases after anodization in ammonium cerium (IV) sulfate dihydrate 
20 nm
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solution. In this regard, it is supposed that the decreasing surface energy after anodization
in Ce(IV)-based solution is related to the decrease of effective surface area as well as to 
the increasing carbon concentration (carbonate-like and hydrocarbon compounds) on the 
surface, i.e. decrease of chemically active sites on the surface and blockage of them by 
adsorbed carbon compounds. The surface energy values are given in Table 4.11.
Considering the structural and chemical findings reported in the previous sections, surface 
structure models of Ti6Al4V after sulfuric acid etching, cerium conversion coating and 
anodization in Ce(IV)-based solution are presented in Figure 4.50.
-Surface obtained after sulfuric acid etching (Structure model A)
Carbon containing compounds, water molecules and hydroxyl groups are present on top 
of naturally formed titanium oxide layer. This oxide film consists mainly of TiO2 as well 
as of Ti2O3 and TiO which are located at low concentration near the oxide/metal interface. 
Besides oxidized states of Ti, also Al2O3 and V-oxide are present in the titanium oxide 
layer. The naturally formed titanium oxide layer, exhibits a compact and amorphous 
structure (Figure 4.50A).
-Surface obtained after cerium conversion coating (Structure model B)
Water molecules, carbon containing compounds and sulfate ions are adsorbed on top of 
cerium-based layer generated by conversion coating in Ce(IV)-based solution. Hydroxyl 
groups are also present on the surface. The concentration of carbon containing compounds
increase after conversion coating as compared to sulfuric acid etched sample. The cerium 
conversion coating consists mostly of Ce2O3 and CeO2. It is postulated that CeO2 is 
located near the surface area of the conversion coating. This oxide film has a compact 
structure and is amorphous. The titanium oxide layer, under the cerium conversion
coating, also exhibits a compact and amorphous structure. The titanium oxide film 
contains mainly TiO2 as well as of Ti2O3 and TiO which are located at low concentration 
near the oxide/metal interface. Besides oxidized states of Ti, also Al2O3 and V-oxide are 
present in the titanium oxide layer (Figure 4.50B) 
-Surface obtained after anodization in Ce(IV)-based solution (Structure model C)
Carbon containing compounds, sulfate ions, water molecules and hydroxyl groups are 
present on top of the anodic cerium oxide layer. The concentration of carbon containing 
compounds increase after anodization as compared to sulfuric acid etched sample. The 
anodic cerium oxide layer consists predominantly of CeO2 as well as of Ce2O3. It is 
postulated that Ce2O3 is located near the cerium oxide/titanium oxide interface. The 
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anodic cerium oxide layer is compact and contains partially crystalline regions. The 
anodic titanium oxide layer consists mainly of TiO2 as well as of Ti2O3 and TiO which are 
located at low concentration near the oxide/metal interface. Besides oxidized states of Ti, 
also Al2O3 and V-oxide exist in the anodic titanium oxide layer. There are a few voids 
within the anodic titanium oxide film near the oxide/metal interface. This layer is compact 
and amorphous (Figure 4.50C).
Figure 4.50: Schematic diagram for the model of the cerium oxide film and titanium oxide layer on 
Ti6Al4V alloy A) after sulfuric acid etching, B) after cerium conversion coating as well as C) after 
anodization in Ce(IV)-based solution 
4.3.6 Sulfuric Acid Anodization
Aim of anodization in diluted sulfuric acid solution (0.5 M) was to compare the chemical 
composition, the morphology and the aging behavior of the titanium oxide film generated
in this acid with the titanium oxide layer formed in Ce(IV)-based solution. Finally, it was 
operated to evaluate the bonding performance of both differently anodized adherends. 
4.3.6.1 XPS and ToF-SIMS Analysis
The XPS survey spectra of sulfuric acid anodized Ti6Al4V alloy and cp titanium are 
shown in Figure 4.51A and Figure 4.51B.
The spectra exhibited dominant peaks of Ti, O along with a C peak due to the presence of 
carbon adsorbats from the atmosphere. The elements S and N were observed on both 
anodized surfaces. Besides that, Al and V were detected on the anodized Ti6Al4V alloy 
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surface. Si has been detected at low concentration (< 0.5 at.%) as impurity only on the 
anodized cp titanium surface.
The corresponding high resolution C1s and O1s XPS spectra of anodized Ti6Al4V alloy 
and cp titanium were similar to that shown for alkaline cleaned samples in Figure 4.9 and
Figure 4.10.
Figure 4.52 displays the Ti2p3/2 XPS detail spectrum of anodized Ti6Al4V substrate. In 
contrast to alkaline cleaned, sulfuric acid and alkaline etched surfaces, no metallic Ti has 
been observed on the surface anodized in sulfuric acid. The oxide TiO2 was observed but 
not Ti2O3 and TiO. The corresponding Ti high resolution spectrum of the anodized cp 
titanium was comparable.
The Al2p and V2p detail spectra of anodized Ti6Al4V alloy (Figure 4.53A and Figure
4.53B) revealed that the alloying elements Al and V were present as oxide on the 
Ti6Al4V alloy surface. However, no metallic Al and V were detected. Considering the 
sampling depth of XPS (~ 10 nm), no significant depletion/enrichment of Al and V was 
observed within the anodic oxide layer. Since no metallic Ti, Al and V have been detected
in the XPS high resolution spectra of the surface, it is to infer that both anodized oxide 
layers at both substrate surfaces are thicker than 10 nm. This explanation is supported by 
TEM investigations detailed in the section 4.3.6.2.
Figure 4.51: XPS survey spectra of A) Ti6Al4V alloy and B) cp titanium after anodization in 0.5 M sulfuric 
acid showing the presence of O, C, N, Al, V, Ti, and S (SO42-) on the surface
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Figure 4.52: Ti2p3/2 high resolution of Ti6Al4V 
alloy after anodization in 0.5 M sulfuric acid
showing the presence of TiO2 within the first 10 nm
from the anodic titanium oxide layer 
Figure 4.53: A) Al2p and B) V2p high resolution XPS spectra of Ti6Al4V alloy after anodization in 0.5 M 
sulfuric acid showing the presence of Al2O3 and V-oxide within the first 10 nm from the anodic titanium 
oxide layer 
Referring to the S2p high resolution XPS spectra (Figure 4.51A and Figure 4.51B), the 
detected sulfur on both surfaces can be attributed to sulfate, as reported by Kobayashi (24).
Figure 4.54 shows depth profile of anodic titanium oxide layer on the Ti6Al4V alloy 
surface obtained from the ToF-SIMS analysis. It seems that sulfur is detectable up to half 
of the anodic titanium oxide film. Since the radii of sulfate ion (~ 2.3 Å) (232) is much 
larger than that of Ti4+ (~ 0.65 Å) (30,75), thus, it is difficult to incorporate them in the 
titanium oxide layer. A statement for the detection of sulfur throughout the titanium oxide 
layer could be related to the presence of lamellar and porous shaped structures on the 
surface where sulfate ions can be located and from the surface cannot be removed during 
the rinsing process. Additionally, it appears from these spectra that Al and V are 
incorporated throughout the titanium oxide layer.
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Figure 4.54: Depth profile of formed titanium 
oxide film on Ti6Al4V surface after anodization
in 0.5 M sulfuric acid showing the presence of Al 
and V within the anodic titanium oxide layer
4.3.6.2 SEM and TEM Characterization
SEM image of Ti6Al4V alloy surface prepared by anodization in 0.5 M sulfuric acid 
solution is shown in Figure 4.55. It was found that the obtained surface morphology by 
etching in sulfuric acid was retained after anodization. Nevertheless, a thickening of the
titanium oxide layer seems to take place during the anodization process. In contrast to 
anodized Ti6Al4V alloy in ammonium cerium (IV) sulfate dihydrate solution, no cracks 
were detected in the oxide on the anodized Ti6Al4V surface in sulfuric acid. Same results 
were obtained for anodized cp titanium in sulfuric acid (Figure 7.33, Appendix C). More 
SEM images of both in sulfuric acid anodized materials are shown in Appendix C. 
Figure 4.55: SEM micrograph of Ti6Al4V alloy after anodization in 0.5 M sulfuric acid showing lamellar 
and porous shaped structures on the surface
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The cross-sectional TEM micrograph of anodized Ti6Al4V alloy is presented in Figure 
4.56. The generated titanium oxide layer was compact and non-porous. The thickness of 
the oxide film was approximately 50 nm. In contrast to the titanium oxide film formed by 
anodization in cerium-based solution, the anodic titanium oxide layer in sulfuric acid 
revealed no voids within the oxide layer or at the oxide/metal interface. The titanium 
oxide layer is mainly amorphous. Anodized cp titanium substrate was investigated by 
micro Raman spectroscopy. No signals were observed in the micro Raman spectrum of 
this sample. It follows that the titanium oxide film at the surface is amorphous. In this 
regard, same results were found in earlier studies (125,199,200,215) for anodized Ti6Al4V alloy 
and cp titanium in sulfuric acid at voltage range from 5 to 50 V. More cross-sectional
TEM images of anodized Ti6Al4V in sulfuric acid are shown in Appendix D.
Figure 4.56: Cross-sectional TEM 
micrograph of Ti6Al4V alloy after 
anodization in 0.5 M sulfuric acid
showing formation of an amorphous 
titanium oxide layer on the surface
4.3.6.3 Laser Profilometry Investigations (LPM)
LPM investigations showed that the average roughness decreased for Ti6Al4V alloy and 
cp titanium after anodization in sulfuric acid. As in the case of anodized Ti6Al4V alloy 
and cp titanium in cerium-based solution, it is believed that the formation of non porous 
titanium oxide layer and its growth during the anodization process is the reason for the 
decreasing of average roughness of the surface, i.e. smoothing effect of the surface. The 
average roughness values are given in Table 4.12.
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4.3.6.4 Contact Angle Analysis
In the case of anodized Ti6Al4V alloy and cp titanium in sulfuric acid, the O/C ratios
(Table 4.9 and Table 4.10) showed an increase in contrast to the O/C ratio for sulfuric 
acid etched samples. As shown in the last section, the average roughness of the surface 
decrease after sulfuric acid anodization as compared to the average roughness of etched 
surfaces. Finally, it was found that the surface energy showed no significant difference as
compared to that for sulfuric acid etched specimens. This behavior could be related to 
simultaneously increasing the O/C ratio and decrease of surface roughness. This may 
mean that less chemically active sites on the surface are blocked by adsorbed carbon 
compounds when the O/C ratio increases. On the other hand the decreasing average 
roughness of the surface may lead to the reduction of the effective surface area, i.e.
decrease of chemically active sites on the surface reduce of its ability to forming chemical 
bonds. The surface energy values are given in Table 4.11.
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4.4 Investigation of hydrothermal Aging Mechanisms
of differently Pretreated Surfaces
4.4.1 Aging Test in a conditioning cabinet
Aging test in a conditioning cabinet was carried out at 40°C ± 1 °C and ~ 80% relative 
humidity for 2160 h. Although it is well known that titanium oxides are stable under these 
aging conditions (43,129). However, this aging test has been carried out in order to 
determine the aging behavior of cerium conversion coating and anodic cerium oxide film 
as well as to investigate their influence on the aging behavior of titanium oxide layer.
4.4.1.1 XPS Analysis
XPS survey spectra of alkaline cleaned (SurTec 152), sulfuric acid etched, alkaline etched
(Turco 5578), cerium conversion coated, sulfuric acid anodized and in cerium-based 
solution anodized Ti6Al4V alloy as well as cp titanium after aging test in a conditioning 
cabinet revealed that the overall surface composition was retained for all pre-treated 
samples. However, Na and Si were detected at low concentration (< 1 at.%) as impurities 
on several sample surfaces which were certainly adsorbed on the surface from 
conditioning cabinet. Within the XPS sampling depth of approximately 10 nm metallic Ti 
were observed in Ti XPS high resolution spectra of cleaned, sulfuric acid etched, alkaline
etched and cerium conversion coated Ti6Al4V alloy and cp titanium specimens after 
aging test. This means that no remarkable growth of the titanium oxide layer takes place 
during the aging test under above-mentioned conditions. Since the anodic titanium oxide 
layers in sulfuric acid and cerium-based solution were thicker than the sampling depth of 
XPS (~ 10 nm). Therefore, it was not possible to assess the thickness of these layers by 
means of XPS. It is well known that anodic titanium oxide layers in sulfuric acid give the 
metal surfaces different colors depending on its thickness (77,216). This property of titanium 
oxide layer relates to its high refraction index (n = 2.5-2.7) as compared to that of other 
oxides (e.g. Al2O3) (216). Hence, the growth of anodic titanium oxide layers after aging test 
was examined optically, i.e. visual observation of color changes. However, both anodic 
titanium oxide layers formed in sulfuric acid and in cerium-based solution on both 
substrate surfaces exhibited no color changes after aging test in a conditioning cabinet.
The blue color of the surfaces was similar to that of destructed joints shown in Figure 
4.90. SEM images of these specimens also showed no remarkable change of the surface 
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morphology as compared to that of freshly prepared samples. In this regard, it is to infer 
that no significant thickening of both anodic titanium oxide films takes place during aging 
test in a conditioning cabinet under above-mentioned conditions. Considering the 
sampling depth of XPS (~ 10 nm), Ti2p detail spectra of all pre-treated surfaces after 
aging process indicated that the titanium oxide layer consisted of TiO2 as compared to 
freshly prepared samples. High resolution O1s XPS spectra of all samples were evaluated 
in order to determine the change of oxide to hydroxide after aging process. It was noted 
that all assessed O1s detail spectra were similar to those of all samples before aging 
process in a conditioning cabinet. In this regard, it is believed that no significant 
qualitative/quantitative differences of oxide species within the titanium oxide films and 
the cerium-based oxide layers occur after the aging test in a conditioning cabinet (40°C, 
RH ~ 80%, 2160 h). This means that no significant change of oxide to hydroxide took 
place during the aging process in a conditioning cabinet.
4.4.1.2 SEM Investigations
Visual observation of all samples after aging test in a conditioning cabinet showed no 
macroscopic change of the surface morphology.
SEM investigations of sulfuric acid anodized cp titanium after aging test in a conditioning 
cabinet revealed that the anodic titanium oxide layer was chipped off in some areas 
(Figure 4.57). This suggests the sensitivity of anodic titanium oxide layer on cp titanium
substrates against hydrothermal effects.
In contrast to anodized cp titanium in sulfuric acid, SEM images of sulfuric acid anodized 
Ti6Al4V alloy after aging test showed no chipping of the anodic titanium oxide layer. An
explanation for this behavior of anodic titanium oxide layer at Ti6Al4V alloy surface 
could be related to the alloying elements Al and V which embedded within the amorphous 
titanium oxide layer during anodization (Figure 4.54). These alloying elements might 
stabilize the amorphous titanium oxide layer. On the other hand SEM studies of cleaned, 
sulfuric acid etched, alkaline etched, cerium conversion coated and in cerium-based 
solution anodized Ti6Al4V alloy and cp titanium samples showed that no remarkable 
alteration in the surface and oxide morphology occurred after aging test in a conditioning 
cabinet.
From XPS and SEM results it can be concluded that cerium oxide layers, which were 
obtained by conversion coating and anodization, have no significant influence on the 
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aging behavior of titanium oxide layer under prevailing conditions in a conditioning 
cabinet (40°C, RH ~ 80%, 2160 h).
Figure 4.57: SEM micrograph of anodized cp titanium in 0.5 M sulfuric acid after accelerated aging in a 
conditioning cabinet (40°C, RH ~ 80 %, 2160 h) showing chipping of the anodic titanium oxide layer
4.4.2 Aging Test in Water
Aiming at determining the stability of titanium oxide layer and the influence of cerium 
oxide layer on its aging behavior, all pre-treated Ti6Al4V alloy and cp titanium samples 
were immersed in hot water (80°C) for 48 h.
4.4.2.1 XPS Analysis
The XPS analysis of cerium conversion coated Ti6Al4V alloy and cp titanium showed 
that the cerium concentrations on both substrates decreased from ~11 at.% to ~ 7 at.% 
after aging in hot water. This means that cerium conversion coatings on both surfaces 
were partially dissolved/removed from surface by hot water. On the other hand the XPS 
analysis of anodized Ti6Al4V alloy and cp titanium in ammonium cerium (IV) sulfate 
dihydrate solution revealed that the cerium concentration on both surfaces after aging test 
are similar to that of surfaces before aging test. Ce3d detail spectra showed that both 
cerium conversion coating and anodic cerium oxide layer on Ti6Al4V alloy and cp 
titanium surfaces were qualitatively similar in chemical composition after aging test, i.e. 
both layers consists of CeO2 and Ce2O3. However, they were quantitatively different. It 
was found that anodic cerium oxide layers on both surfaces consisted mainly of CeO2
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after aging test similar to a freshly generated anodic cerium oxide layer (see section 
4.3.5.1). In contrast, cerium oxide conversion coatings on both surfaces contained 
predominantly Ce2O3 after aging test similar to a freshly formed cerium conversion 
coating (see section 4.3.4.1). It follows that the anodic cerium oxide layer on titanium 
oxide film has a lower solubility in hot water (80°C) as compared to the cerium oxide 
conversion coating. This finding might be due to differently crystallinity of both cerium 
oxide layers (see section 4.3.5.2 and 4.3.6.2). This could mean that the anodic cerium 
oxide layer with higher crystallinity has a lower solubility than the mainly amorphous 
cerium conversion coating under hydrothermal conditions. Another possible explanation 
for this behavior could be related to the quantitatively chemical composition of both 
layers. This means that the anodic cerium oxide layer with higher CeO2 content has higher 
chemical stability than the cerium conversion coating with lower CeO2 concentration.
In terms of changing of oxide to hydroxide, high resolution O1s spectra of all samples 
after aging test in hot water (80°C) were evaluated. The assessed O1s detail spectra of 
cleaned, sulfuric acid and alkaline etched as well as of sulfuric acid anodized Ti6Al4V 
alloy and cp titanium showed no significant differences as compared to those of the same 
samples before aging test. Venables (217) investigated chromium acid anodized Ti6Al4V 
alloy after immersion in water at 80°C for 96 h. The author noted that the surface material 
undergoes a phase transformation with no accompanying chemical change, i.e. no change
of oxide to hydroxide. In this context, it is to infer that no remarkable chemical 
modification of titanium oxide films takes place during the aging process in hot water 
(80°C) for 48 h.
In the case of cerium conversion coated samples, it was found that the intensity of the 
signal at 529.9 eV in O1s detail spectra significantly decreased after aging test as 
compared to that for the same samples before aging test. Similar results were observed in 
the case of anodized samples in cerium-based solution after aging process in hot water. 
Furthermore, it was noted that the sulfur concentration on cerium conversion coated 
surfaces considerably decreased after aging test in hot water. Same results were obtained 
for anodized samples in cerium-based solution after aging in hot water. As pointed out in 
the section 4.3.4.1, the signal at 529.9 eV is assigned to oxygen in hydroxyl groups as 
well as to oxygen in carbonyl group, carbonate and sulfate compounds. In this regard, it is 
concluded that the reduction of the intensity of the signal at 529.9 eV in O1s detail spectra 
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is due to the decrease of the sulfur concentration on the surface. In view of this, it is 
believed that sulfate ions are loosely attached on the surface. 
4.4.2.2 SEM and MRS Investigations
SEM studies of cleaned, sulfuric acid etched and anodized Ti6Al4V alloy and cp titanium 
after immersion in hot water (80°C) for 48 h showed that the substrate surfaces covered 
with small needle shaped crystal structures about 50 to 150 nm in size (Figure 4.58).
Figure 4.58: SEM micrograph of anodized Ti6Al4V in 0.5 M sulfuric acid after accelerated aging in hot 
water (80°C) for 48 h showing formation of needle shaped crystals (anatase) on the surface
Micro Raman spectra of cleaned, sulfuric acid etched and anodized surfaces after 
accelerate aging in hot water showed a strong signal at 144 cm-1 (Figure 4.59). This signal 
is characteristic for anatase crystals. It follows that the needle shaped crystals on the 
surfaces formed after aging under hydrothermal conditions was the anatase modification.
In a study by M. Assefpour-Dezfuly (218), cp titanium (Grade 2) samples were anodized in 
chromic acid. The processed surfaces were immersed in water at 80°C for 100 h. The 
SEM results indicated that needle-like crystal structures (anatase) were formed on the 
surfaces after immersion in hot water. In another study carried out by Venables (217),
Ti6Al4V samples were modified by chromic acid anodization. The samples were 
immersed in water at 80°C for 24 h, 72 h and 96 h. The immersed samples in hot water 
were analyzed by SEM. The results showed the formation of needle-like crystal structures 
(anatase) on the surface after immersion in hot water. The transformation of oxide 
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morphology and formation mechanism of needle shaped crystal structures (anatase) on the 
surface after aging test under hot-wet conditions will be discussed in more detail in the 
section 4.4.3.
Figure 4.59: Raman spectra of A) anatase powder (Reference), 
B) alkaline cleaned Ti6Al4V alloy after accelerated aging in
hot water (80°C) for 48 h, C) sulfuric acid etched Ti6Al4V 
alloy after accelerated aging in hot water (80°C) for 48 h, D) 
cerium conversion coated Ti6Al4V alloy after accelerated 
aging in hot water (80°C) for 48 h, E) sulfuric acid anodized 
Ti6Al4V alloy after accelerated aging in hot water (80°C) for 
48 h, F) anodized Ti6Al4V alloy in cerium-based solution after 
accelerated aging in hot water (80°C) for 48 h
SEM investigations of cerium conversion coated and anodized Ti6Al4V alloy and cp 
titanium in cerium-based solution exhibited that no remarkable change in the surface and 
oxide morphology occurred after aging test in hot water (80°C, 48 h) (Figure 4.60). From 
these results, it is to infer that both cerium conversion layer as well as anodic cerium 
oxide layer lead to a kinetic inhibition of the transformation of the titanium oxide from the 
amorphous into a crystalline state. This finding can be interpreted in the way that the 
kinetic inhibition effect of such layers is dominated by their better barrier features and 
resistance against hydrothermal influences as compared to amorphous titanium oxide 
which can be strongly influenced by water at high temperatures because of its catalytic 
effect at elevated temperatures (222). This means that both cerium oxide based films avoid 
the contact of water molecules with the titanium oxide and thereby kinetically stabilize
the crystallization of amorphous titanium oxide. The kinetic stabilization of the 
morphology of titanium oxide layers was one of the important aims of this thesis which 
was achieved by development of cerium conversion and anodization processes.
Although, the chemical composition of alkaline etched Ti6Al4V alloy and cp titanium 
surfaces exhibited no significant change as compared to that of alkaline cleaned surfaces. 
SEM examination of these samples after immersion in hot water revealed very slight 
change in the surface morphology (Figure 4.61).
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Figure 4.60: SEM micrograph of cerium conversion coated Ti6Al4V alloy in 1 wt.% ammonium cerium
sulfate dihydrate after accelerated aging in hot water (80°C) for 48 h showing no crystals on the surface
Figure 4.61: SEM micrograph of alkaline etched (Turco 5578) Ti6Al4V after accelerated aging in hot 
water (80°C) for48 h showing formation of needle structures on a scale of a few nanometers at low 
concentration on the surface
It was found that very fine needle-like structures on a scale of a few nanometers at very 
low concentration formed on both sample surfaces (Figure 4.61). It is well known that the 
activation energy of crystallization of amorphous TiO2 particles depends on particle size 
and shape, i.e. increase of activation energy of phase transition with decrease of particle 
size (105,197). In view of this, it is believed that very fine surface texture on a scale of a few 
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nanometers, generated by alkaline etching, change the activation energy of the phase 
transition of the ultrathin amorphous titanium oxide layer (< 10nm) into crystals whilst 
the oxide layer follows the surface topography. This is presumably the main reason for the 
significant deceleration of the formation of the needle-like structures on the surface. More 
SEM images are shown in Appendix G.
4.4.3 Aging Test in an autoclave
Aging tests in an autoclave were operated at 120°C, ~ 98% relative humidity and 2 bar for 
48 h and 168 h. These tests were carried out in order to determine the stability of titanium 
oxide layer as well as the stability of cerium conversion coating and anodic cerium oxide 
layer under hot-wet conditions. Finally, aiming at investigating the aging mechanisms of 
titanium oxide film and the influence of cerium-based layers on it, such aging tests were 
performed. Ti6Al4V alloy samples were subjected to this test. 
4.4.3.1 XPS Analysis
The XPS analysis of cerium conversion coated Ti6Al4V alloy showed that the cerium 
concentration on the surface slightly decreased after autoclaving for 48 h and 168 h. It 
was found that the cerium oxide conversion coating on the surface contained 
predominantly Ce2O3 after aging test similar to a freshly generated cerium conversion 
coating. On the other hand, the XPS analysis of anodized Ti6Al4V alloy in cerium-based 
solution revealed that the cerium concentrations on the surface significantly decreased 
from ~ 9 at.% to ~2 at.% after aging tests in an autoclave (48 h and 168 h). The reason for 
the significant decrease of cerium content on the anodized Ti6Al4V alloy surface after 
aging is related to the partially diffusion of cerium into the titanium oxide layer during the 
aging test in an autoclave which was confirmed by EDX (Figure 7.89, Appendix H). This 
finding is attributed to the morphology of the titanium oxide layer on the surface which 
was transformed from a compact into a porous layer during the aging process, as observed 
in SEM and TEM micrographs (Figure 4.63 and Figure 4.64).
Na and Si were detected at low concentration (< 1 at.%) as impurities on all pre-treated 
sample surfaces after aging processes. These elements were most likely adsorbed on the 
surface from autoclave.
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Considering the sampling depth of XPS (~ 10 nm), it was found that the surface chemical 
composition of cleaned, alkaline etched, sulfuric acid anodized and etched substrates was 
retained after aging processes in an autoclave.
O1s high resolution XPS spectra of cleaned, alkaline etched, cerium conversion coated, 
sulfuric acid anodized and etched samples after aging process in an autoclave were similar
to those of the same samples before aging test in an autoclave. Thus, it is believed that no 
remarkable chemical modification of titanium oxide films takes place during the aging 
test, i.e. no changing of oxide to hydroxide. The morphology of the sample surfaces after 
aging process in an autoclave will be discussed in the follow section.
4.4.3.2 SEM and TEM Investigations
SEM images of alkaline cleaned and sulfuric acid anodized Ti6Al4V alloy after 
autoclaving (120°C, RH ~98%, 2 bar) for 48 h and 168 h showed that the sample surfaces 
capped with small needle shaped crystal structures about 50 to 150 nm in size (Figure 
7.70, Figure 7.72, Figure 7.74, Figure 7.78, Appendix G). Cross-sectional TEM 
micrographs of aged sulfuric acid anodized sample in an autoclave indicated that the 
anodic titanium oxide layer was predominantly transformed into crystal structures and an 
ultrathin titanium oxide layer (< 10 nm) was also detected under the needle shaped 
crystals on the surface (Figure 7.92, Appendix H). It is believed that the thin titanium 
oxide layer was formed after ending of aging process. SEM analysis of sulfuric acid 
etched substrates after autoclaving (120°C, RH ~98%, 2 bar) for 48 h revealed that the 
surface was partially covered with small needle shaped crystal structures (Figure 7.71,
Appendix G). This was also confirmed by TEM (Figure 7.81 and Figure 7.82, Appendix 
H). It was noted that the crystal concentration on the acidic etched surface increased after 
aging test in an autoclave for 168 h (Figure 7.75, Appendix G). As in the case of alkaline
etched Ti6Al4V alloy after aging in water at 80°C for 48 h, SEM investigations of these
samples indicated a slight alteration in the surface morphology after aging test in an 
autoclave for 48 h. It was noted that very fine needle-like structures on a scale of a few 
nanometers at very low concentration formed on the surface. SEM micrographs of 
alkaline etched samples after aging test in an autoclave for 168 h (Figure 4.62) revealed 
that the size and the concentration of needle shaped crystal structures on surface 
significantly increased as compared to the aged surface in an autoclave for 48 h.
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Micro Raman spectra showed a signal at 144 cm-1 which is characteristic for anatase 
modification (Figure 7.93 and Figure 7.94, Appendix I). This confirmed that the needle 
shaped structures on the substrate surfaces formed after aging test in an autoclave under 
hydrothermal conditions were anatase crystals.
SEM studies of cerium conversion coated Ti6Al4V alloy surfaces after aging test in an 
autoclave for 48 h and 168 h showed no considerably alteration as compared to the 
sample surfaces without accelerated aging (Figure 7.76 and Figure 7.77, Appendix G). 
This was confirmed by means of TEM, as well (Figure 7.83 and Figure 7.84, Appendix 
H). As mentioned in the section 4.4.2.2, it is proposed that cerium conversion coating has 
a kinetic inhibition effect of anatase formation due to its better barrier properties and 
resistance against hydrothermal influences. This means that the compact and non-porous 
cerium oxide layer avoids the contact of water molecules with the amorphous titanium 
oxide and thereby kinetically inhibits the conversions of amorphous titanium oxide to 
crystalline state.
Figure 4.62: SEM micrograph of alkaline etched (Turco 5578) Ti6Al4V alloy after accelerated aging in an 
autoclave (120°C, RH ~98%, 2 bar, 168 h) showing formation of needle shaped crystals
SEM and TEM investigations of anodized Ti6Al4V alloy in cerium-based solution 
showed that the compact titanium oxide layer transformed to a porous layer after aging 
test in an autoclave for 48 h (Figure 4.63 and Figure 4.64). Furthermore, needle shaped 
crystals were observed on the surface but in much lower concentration as compared to 
cleaned, sulfuric acid etched and anodized surfaces after aging in an autoclave for 48 h.
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Cross-sectional TEM micrographs of anodized Ti6Al4V alloy in cerium-based solution 
showed that needle shaped crystals formed within the titanium oxide layer during the 
aging test in an autoclave for 48 h (Figure 4.64). It follows that the crystal nucleation 
takes place within the titanium oxide layer. These interpretations are in agreement with 
earlier results (219-221). It is well known that water can act as catalyst at elevated 
temperatures and accelerates the crystallization of amorphous titanium oxide (222).
Formation mechanisms of anatase from amorphous titanium oxide under hydrothermal 
conditions were discussed by Matthews (219) and Yin et al. (220). Nakamura et al. (223) have
shown that the anatase formation from amorphous phase is preferred in terms of the strain
energy and Gibbs free energy as compared to the rutile formation from amorphous phase.
Cross-sectional TEM images of alkaline cleaned and sulfuric acid etched samples after 
aging test in an autoclave for 48 h (Figure 7.79-Figure 7.82, Appendix H) revealed that 
the formed crystal structures extend up to the metal surface. Thus, it is supposed that the 
growth of crystal nucleus is expedited by inner diffusion processes. In this regard, work 
by Günster et al. (198) suggested the growth of the complex shaped TiC nanostructures was 
linked to inner diffusion processes by nanorods. 
Figure 4.63: SEM micrograph of anodized Ti6Al4V alloy in 1 wt.% ammonium cerium sulfate dihydrate 
after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 48 h) showing transformation of compact 
titanium oxide film to porous layer
4.0 Results and Discussion__________________________________________________
108
 
Figure 4.64: Cross-sectional TEM 
micrograph of anodized Ti6Al4V alloy in 
1 wt.% ammonium cerium sulfate 
dihydrate after accelerated aging in an 
autoclave (120°C, RH ~98%, 2 bar, 48 h)
showing formation of porous titanium 
oxide layer as well as beginning of crystal 
growth within this oxide layer
SEM images of anodized Ti6Al4V alloy in cerium-based solution after aging test in an 
autoclave for 168 h (Figure 4.65) revealed that the concentration of anatase crystals on the 
surface increased as compared to that on the sample surface which was stored in an 
autoclave for 48 h. Nevertheless, it was found that the concentration of anatase crystals on 
this sample surface was lower than that on cleaned, sulfuric acid etched and anodized 
surfaces after aging test in an autoclave for 48 h and 168 h (Figure 7.70-Figure 7.75 and 
Figure 7.78, Appendix G).
As mentioned above, the surface of cleaned and sulfuric acid anodized samples were 
completely covered with anatase crystals after aging test in an autoclave (120°C, RH 
~98%, 2 bar, 48 h/168 h). On the other hand, the surface of sulfuric acid and alkaline
etched samples were only partially covered with anatase crystals after aging test in an 
autoclave (120°C, RH ~98%, 2 bar, 48 h and 168 h). In this context, it is proposed that 
altering of the surface morphology by etching change the activation energy of the phase 
transformation of ultrathin amorphous titanium oxide layer (< 10 nm) into crystals
whereby the crystal generation within amorphous titanium oxide layer is decelerated.
Since ultrathin oxide layers (< 10 nm) are able to follow very fine surface morphologies 
on a scale of a few nanometers, thus, it is claimed that besides the surface morphology, 
also low thickness (< 10 nm) of the oxide layer at the surface plays an important role in 
the transformation of amorphous oxide in crystal state. Additionally, it is believed that 
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significantly change the activation energy of the phase transition of thick amorphous 
oxide layers (> 10 nm) into crystals. More SEM and TEM images are shown in Appendix 
G and Appendix H.
Figure 4.65: SEM micrograph of anodized Ti6Al4V alloy in 1 wt.% ammonium cerium sulfate dihydrate 
after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 168 h) showing formation of porous 
titanium oxide layer as well as generation of needle shaped crystals on the surface
In terms of visual nature of the surface, it was found that both surfaces of both Ti6Al4V 
alloy and cp titanium lost their metallic luster and became gold/orange colored when the 
amorphous titanium oxide transformed into crystal structures during aging test in water 
(80°C, 48 h) or autoclave (120°C, RH ~98%, 2 bar, 48 h/168 h) (Appendix J).
In view of surface pre-treatments (alkaline cleaning, sulfuric acid etching, alkaline 
etching, sulfuric acid anodization, cerium conversion coating and anodization in Ce(IV)-
based solution) of cp titanium and Ti6Al4V alloy and their effect on the aging mechanism 
of amorphous titanium oxide layer, the following results and conclusions can be briefly 
summarized. It was shown that compact and non-porous titanium oxide layers with a 
thickness of about 5 nm and 50 nm were formed on substrate surfaces after sulfuric acid 
etching and anodization. It was also found that both titanium oxide layers are amorphous 
and predominantly consist of TiO2. The aging tests have indicated that such amorphous 
titanium oxide transforms into crystals under hydrothermal conditions. In the case of 
alkaline etched samples, it was observed that very fine surface structures on a scale of a 
few nanometers were generated on the surface. Additionally, it was found that an ultrathin 
oxide layer (< 10 nm) was formed on the surface. According to the literature (167), titanium 
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oxide follows the surface topography. The aging tests of these samples under 
hydrothermal conditions have shown that a kinetic inhibition was achieved in regard to 
the phase transition of amorphous oxide to crystals. It is proposed that the very fine 
surface texture (nanometer scale), formed by alkaline etching, change the activation 
energy of the phase transformation of the thin amorphous titanium oxide (< 10nm) and 
thereby a kinetic stabilization is caused.
In the case of conversion coating and anodization in Ce(IV)-based solution, it was found 
that such pre-treatments lead to the formation of amorphous and partially crystalline 
cerium-based oxide layers (Ce2O3 + CeO2) on top of titanium oxide film. The results have 
also shown that both cerium oxide layers are compact and non-porous with a thickness of 
about 2-4 nm. Aging tests under hydrothermal conditions have suggested that both 
cerium-based oxide layers kinetically inhibit the transition of amorphous titanium oxide 
into crystals (anatase). It is proposed that the kinetic stabilization effect of cerium oxide 
based layers is due to their better barrier features and resistance against hydrothermal 
effects as compared to amorphous titanium oxide which can be influenced by water due to 
its strong catalytic effect at elevated temperatures (222). This means that such layers avoid 
the contact of water molecules with titanium oxide and thereby kinetically inhibit the 
amorphous to crystalline phase transformation.
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4.5 Investigations of Lap-Shear Adhesive Joints
4.5.1 Lap-Shear Strength and Failure Mode Analysis of cp 
Titanium Adhesive Joints
As mentioned at the beginning of this chapter, cp titanium was used as reference material 
in this study. However, it was found that a hydrogen-embrittled layer was formed close to 
the surface region during the etching process in 6.2 M sulfuric acid. Therefore, several 
lap-shear bonded joints of alkaline cleaned and etched cp titanium were prepared and lap-
shear strength tests were carried out in order to determine the influence of hydrogen-
embrittled layer on fracture strength and durability properties of the bonded specimens. 
It is well known that epoxy adhesives with brittle character are susceptible to interfacial
failure (224). Since the epoxy/polyamidoamine adhesive (Araldite GY 250) is much more 
brittle than the epoxy/polyamine adhesive (Araldite 420 A/B), both adhesives were used 
for the preparation of the lap-shear joints. Some lap-shear joints were tested without 
accelerated aging. Several bonded joints were stored in labor under normal conditions 
(22°C  2°C, RH ~ 50%, 2160 h) as well as in a conditioning cabinet (40°C  1°C, RH ~ 
80%, 2160 h) before lap-shear test. 
SEM, XPS and XRD analysis were used to identify the exact locus of joint failure and 
investigate the failure mode, in order to get information on the mechanisms.
4.5.1.1 Lap-Shear Strength and Failure Mode Analysis of cp Titanium
before Durability Test 
The locus of failure for joints, prepared with alkaline cleaned specimens as well as with
epoxy/polyamidoamine adhesive (Araldite GY 250) and epoxy/polyamine adhesive 
(Araldite 420 A/B), was visually identified at the interface and assigned as interfacial
failure (Figure 4.66A and Figure 4.66B). This finding was confirmed by XPS studies 
conducted on both fracture surfaces of typical samples. The XPS results showed that the 
substrate side of the destructed samples revealed survey spectra similar to that of fresh 
alkaline cleaned surface, which is shown in Figure 4.8 B. The XPS survey spectra for the 
adhesive sides were very similar to the spectra of both surfaces of the epoxy/polyamine 
adhesive (Araldite 420 A/B) and the epoxy/polyamidoamine adhesive (Araldite GY 250),
which are shown in Figure 4.6 and Figure 4.7. Moreover, titanium signals were not 
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detected on the adhesive side of the failed surfaces. From obtained results follows that the 
locus of failure is interfacial along the adhesive/oxide layer.
Figure 4.66: Fracture images of representative lap shear joints, prepared with alkaline cleaned cp titanium
samples as well as with A) epoxy/polyamidoamine adhesive (Araldite GY 250) and B) epoxy/polyamine 
adhesive (Araldite 420 A/B), without accelerated aging showing interfacial failure 
For adhesive joints, prepared with sulfuric acid etched samples and
epoxy/polyamidoamine adhesive (Araldite GY 250), visual observations revealed a 
mixed-mode failure, i.e. interfacial and cohesive failure mode (Figure 4.67).
Figure 4.67: Fracture image of a representative lap shear 
joint, prepared with sulfuric acid etched cp titanium
specimens and epoxy/polyamidoamine adhesive (Araldite 
GY 250), without accelerated aging showing interfacial 
failure at the oxide and cohesion failure within the 
adhesive
The XPS results exhibited that the substrate side of the failed joints (dark zone) revealed a 
different survey spectrum (Figure 4.68) to that of fresh etched substrate surface, which is 
shown in Figure 4.18B. It was found that the concentration of titanium on the surface 
significantly decreased (dark zone). Furthermore, it was noted that carbon and nitrogen 
were considerably enriched on the surface (dark zone). Thus, it is to infer that the 
enrichment of carbon and nitrogen on the surface is due to epoxy resin and 
polyamidoamin hardener. Furthermore, small traces of titanium were also observed on the 
substrate side of the destructively tested joints (Figure 4.68). In this context, it is 
concluded that the failure occurs within the epoxy resin very close to the adhesive/oxide 
layer interface. Another reason for this finding might be attributed to the presence of an 
interpenetration region on the surface which can form due to the oxide morphology. On 
the other hand XPS measurements indicated that the substrate side of the failed joints 
(bright zone) showed an analogous survey spectrum to that of fresh etched substrate 
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surface, which is shown in Figure 4.18B. XPS data for the adhesive side of the destructed 
adhesive bonds showed a survey spectrum very similar to that of the bulk adhesive, which 
is shown in Figure 4.7. Moreover, no titanium was observed on the adhesive side of the
failed joints. XPS results confirm that a mixed-mode failure occurs for the adhesive joints
which are prepared with sulfuric acid etched specimens. The lap shear strength of these
joints exhibited a slight increase as compared to that of the joints which were prepared
with alkaline cleaned samples (Table 4.14). In the case of bonded joints, prepared with 
sulfuric acid etched specimens, the slight increase of the lap shear strength and the 
transfer from interfacial failure to mixed-mode failure might be related to the mechanical 
interlocking formed along resin/oxide layer interface. Another reason for this behavior 
could be attributed to the enhancement of effective surface area, i.e. enhancement of 
chemically active sites on the surface and increase of its ability to forming chemical 
bonds.
Figure 4.68: XPS survey spectrum of failure region (substrate side, dark zone) of a representative lap shear 
joint, prepared with sulfuric acid etched cp titanium samples and epoxy/polyamidoamine adhesive (Araldite 
GY 250), without accelerated aging showing the presence of carbon with very high signal intensity as well 
as the existence of O, N and Ti
For adhesive joints, prepared with sulfuric acid samples and epoxy/polyamine adhesive 
(Araldite 420 A/B), visual observations revealed an interfacial failure (Figure 4.69).
However, the XPS results suggested that the substrate side of the destructively tested 
adhesive bonds showed in some small regions a different survey spectrum (Figure 4.70)
to that of fresh etched substrate surface (non-adhesive bonded), which is shown in Figure 
4.18B. It was found that the concentration of carbon and nitrogen increased on these 
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surface regions as compared to those of fresh etched surface (non-adhesive bonded).
Titanium was detected in these surface regions, as well (Figure 4.70). Therefore, it is 
considered that a cohesive failure occurs within the epoxy resin but very close to the 
adhesive/oxide layer interface in these surface regions. On the other hand the XPS survey
spectrum of some surface areas was similar to that of a fresh etched sample (non-adhesive 
bonded). XPS data for the adhesive sides showed a survey spectrum which was analogous 
to that of the bulk adhesive, which is shown in Figure 4.6. Furthermore, titanium was not 
detected on the adhesive sides. The visual observations and the XPS analysis of the joints 
show that the failure mode is predominantly interfacial at the oxide layer but in some 
small surface regions a mixed-mode failure occurs.
Figure 4.69: Fracture image of a representative lap shear 
joint, prepared with sulfuric acid etched cp titanium
samples and epoxy/polyamine adhesive (Araldite 420 
A/B), without accelerated aging showing interfacial 
failure
Figure 4.70: XPS survey spectrum of failure region (substrate side) of a representative lap shear joint, 
prepared with sulfuric acid etched cp titanium specimens and epoxy/polyamine adhesive (Araldite 420 
A/B), without accelerated aging showing the presence of carbon with relative high signal intensity as well 
as the existence of O, Ti and N
The lap shear strength of bonded joints, prepared with sulfuric acid etched samples,
exhibited a slight rising as compared to that of adhesive joints, prepared with alkaline 
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cleaned specimens (Table 4.14). The slight improvement of the shear strength of joints,
prepared with etched samples, may be related to mechanical interlocking at the interface
and/or the enhancement of effective surface area, i.e. increase of chemically active sites 
on the surface and enhancement of its ability to forming chemical bonds. Element 
concentrations on the substrate side and adhesive side of all cp titanium bonded joints,
prepared with epoxy/polyamidoamine adhesive (Araldite GY 250) and epoxy/polyamine 
adhesive (Araldite 420 A/B), are given in Table 4.15 and Table 4.16.
4.0 Results and Discussion__________________________________________________
116
 
4.5.1.2 Lap-Shear Strength and Failure Mode Analysis of cp Titanium 
after Durability Test
The locus of failure of the bonded joints, prepared with alkaline cleaned samples as well 
as with epoxy/polyamidoamine adhesive (Araldite GY 250) and epoxy/polyamine 
adhesive (Araldite 420 A/B), was visually assessed as being a purely interfacial failure 
along the adhesive/oxide layer after accelerated aging in a conditioning cabinet (40°C 
1°C, RH ~ 80%, 2160 h). The images of destructed joints were similar to those shown in 
Figure 4.66A and Figure 4.66B. However, XPS studies of both adhesive sides of the 
destructed samples revealed small traces of titanium (Figure 4.71A and Figure 4.71B).
Figure 4.71: XPS survey spectra of failure region (adhesive side) of representative destructed cp titanium 
lap shear joints, prepared with alkaline cleaned samples as well as with A) epoxy/polyamidoamine adhesive
(Araldite GY 250) and B) epoxy/polyamine adhesive (Araldite 420 A/B), after accelerated aging in a 
conditioning cabinet (40°C  1°C, RH ~ 80%, 2160 h) showing trace amounts of Ti as well as O, C and N 
on the surface
Ti2p high-resolution XPS spectra revealed that the titanium detected on both adhesive 
sides was present as TiO2 (Figure 4.71). This conclusion is based on Ti 2p binding energy 
of 458.5 eV in the titanium detail spectrum (Figure 4.11). These results suggest that after 
aging test in a conditioning cabinet, the locus of failure has shifted from the 
adhesive/oxide film interface into the titanium oxide layer. This finding exhibits that the 
cohesion strength of the natural titanium oxide layers decrease during the aging process in 
a conditioning cabinet and this is one of the main reasons wherefore the cp titanium 
bonded joints, prepared with alkaline cleaned specimens, fail. A similar transfer of the 
oxide film to the adhesive surface was observed by Clearfield et al. (41,127) and Watts et al. 
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(55), where aged anodized and aged etched cp Titanium and TiAl6V4 alloy were 
investigated. XPS results showed that both substrate sides of both failed joints, prepared 
with alkaline cleaned samples, after aging test exhibited a survey spectrum similar to that 
of a fresh alkaline cleaned surface, which is shown in Figure 4.8B. Furthermore, Ti2p 
detail spectra of both substrate sides indicated that the titanium oxide layer at the surface 
predominantly consisted of TiO2. Finally, trace amounts (< 0.1 at.%) of some impurities 
such as P and Ca were detected on the surfaces which were most likely adsorbed on the 
surface during the shear strength test. 
The lap shear strength of bonded joints, prepared with alkaline cleaned samples and 
epoxy/polyamidoamine adhesive (Araldite GY 250), exhibited a significant decreasing as 
compared to that of same bonded joints. In contrast, the lap shear strength of adhesive 
joints, prepared with alkaline cleaned specimens and epoxy/polyamine adhesive (Araldite 
420 A/B), revealed no significant difference to that of same bonded joints without 
accelerated aging. This results show clearly that epoxy/polyamine adhesive (Araldite 420 
A/B) has better aging properties as compared to epoxy/polyamidoamine adhesive 
(Araldite GY 250). The lap shear strength values for these samples are given in the Table 
4.14.
For adhesive joints, prepared with sulfuric etched samples and epoxy/polyamidoamine 
adhesive (Araldite GY 250), visual observations revealed a metal layer on the adhesive 
side of the destructively tested joints after accelerated aging in a conditioning cabinet
(40°C  1°C, RH ~ 80%, 2160 h) (Figure 4.72).
Figure 4.72: Fracture image of a representative destructed
cp titanium lap shear joint, prepare with sulfuric acid 
etched samples and epoxy/polyamidoamine adhesive 
(Araldite GY 250), after accelerated aging in a 
conditioning cabinet (40°C  1°C, RH ~ 80%, 2160 h)
showing metallic layer on the adhesive surface 
The XPS analysis indicated that the substrate side as well as the adhesive side of the 
failure surface exhibited equivalent survey spectra which were similar to that of the fresh 
etched surface (Figure 4.18B). Additionally, TiH2 was detected on both substrate side and 
adhesive side by XRD measurements (Figure 4.73).
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SEM investigations revealed that both fracture surfaces (substrate side and adhesive side) 
exhibited the same morphology. However, their morphology was different to that of a 
fresh sulfuric acid etched surface. In the resulting SEM images stair-like structures were 
observed in place of porous structures (Figure 4.74 and Figure 4.75). SEM cross section 
micrographs of the adhesive side revealed a metallic layer on the bondline with an 
average thickness of approximately 1 µm (Figure 4.76).
Figure 4.73: XRD patterns of failure region 
(substrate side & adhesive side) of a 
representative destructed cp titanium lap shear 
joint, prepared with sulfuric acid etched
specimens and the epoxy/polyamidoamine 
adhesive (Araldite GY 250), after accelerated 
aging in a conditioning cabinet (40°C  1°C, RH 
~ 80%, 2160 h) showing the presence of TiH2
on both substrate and adhesive side
Figure 4.74: SEM micrograph of the failure surface (substrate side) of a representative destructed cp 
titanium lap shear joint, prepared with sulfuric acid etched samples and the epoxy/polyamidoamine adhesive 
(Araldite GY 250), after accelerated aging in a conditioning cabinet (40°C  1°C, RH ~ 80%, 2160 h)
showing brittle fractures 
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Figure 4.75: SEM micrograph of the failure surface (adhesive side) of a representative destructived cp 
titanium lap shear joint, prepared with sulfuric acid etched specimens and epoxy/polyamidoamine adhesive 
(Araldite GY 250), after accelerated aging in a conditioning cabinet (40°C  1°C, RH ~ 80%, 2160 h)
showing brittle fractures
Figure 4.76: Cross-sectional SEM micrograph of the failure surface (adhesive side) of a representative
estructed cp titanium lap shear joint, prepared with sulfuric acid etched samples and Arladite GY 250
adhesive, after accelerated aging in a conditioning cabinet (40°C  1°C, RH ~ 80%, 2160 h) showing 
metallic layer on the adhesive surface 
From the obtained results, it is concluded that the locus of failure occurs within the 
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Ti6Al4V alloy samples were pickled for several minutes in nitric-hydrofluoric acid before 
anodization. They observed that a brittle failure of the adhesive bonds occurred. 
In the case of bonded joints which were stored in the laboratory under ambient conditions 
(22°C  2°C, RH ~ 50%, 2160 h), no brittle fracture was observed. As shown in the 
section 4.3.2.4, the hydrogen-embrittled layer contains no cracks on the nanometer scale 
in volume. However, one cannot rule out that this layer contains a few cracks on the 
micrometer scale. In view of the obtained results, it is believed that the hydrogen-
embrittled layer is under stress after preparation of the bonded joints. Hence, new cracks 
are formed and crack propagations take place. Furthermore, it is proposed that the 
temperature increasing and moisture reduce the incubation time of crack formation and 
accelerate crack propagation within the hydrogen-embrittled layer. Therefore, brittle 
fractures of bonded joints were occurred after accelerated aging in a conditioning cabinet
(40°C  1°C, RH ~ 80%, 2160 h). It is well known a phenomenon as “stress corrosion 
cracking” (109). This phenomenon is understood as the formation of cracks in metals with 
simultaneous impact of certain corrosive media and tensile stress. In all cases of stress 
corrosion cracking three parameters with synergy impact are involved, namely material, 
medium and mechanical loade (109). In this context, Troiano et al. (225) proposed a model, 
which suggested that hydrogen atoms diffuse easily to regions of triaxial tensile stress, as 
at the tip of a crack, and assist crack propagation by reducing the cohesive strength of the 
material ahead of it. Thus the crack propagates discontinuously, controlled by a critical 
concentration of atomic hydrogen built up near the tip of the crack. Concerning stress 
corrosion cracking, previous studies also revealed that such cracking of titanium and 
titanium alloys in different solutions as well as under diverse conditions can occur 
(164,165,226,227).
The lap shear strength of the adhesive joints exhibited a significant decrease as compared 
to that of adhesive joints without accelerated aging (Table 4.14). This may be partially 
related to the occurred brittle fracture of the adhesive joints. It is well known that the 
aging of the epoxy resins (e.g. water uptake and plasticization) can lead to the decreasing 
shear strength of joints (128,228). Thus, the decreasing shear strength of cp titanium joints 
might be partially attributed to the aging of the epoxy/polyamidoamine adhesive (Araldite 
GY 250).
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In terms of hydrogen embrittlement, the results show that it is generally essential to avoid 
the formation of a hydrogen-embrittled layer during surface treatments whereby the 
performance of adhesive joints can be negatively affected.
For joints, prepared with sulfuric acid etched samples and epoxy/polyamine adhesive 
(Araldite 420 A/B), visual observations showed no metal layer on the adhesive side of the 
destructively tested joints after accelerated aging in a conditioning cabinet (40°C  1°C, 
RH ~ 80%, 2160 h) (Figure 4.77).
Figure 4.77: Fracture image of a representative
destructed cp titanium lap shear joint, prepared with
sulfuric acid etched specimens and epoxy/polyamine 
adhesive (Araldite 420 A/B), after accelerated aging in a 
conditioning cabinet (40°C  1°C, RH~80%, 2160 h)
showing interfacial failure
XPS examination of the adhesive side of the failed joints indicated only TiO2 on some 
bondline regions, however, metallic Ti was not detected (Figure 4.78). This result exhibits 
that after aging test in a conditioning cabinet, the locus of failure has shifted in some 
regions from the adhesive/oxide film interface into the titanium oxide layer. It follows 
that no brittle fracture was occurred for these bonded joints. The reason for this result 
depends presumably on mechanical flexibility of the cured epoxy/polyamine adhesive 
(Araldite 420 A/B) as compared to the cured epoxy/polyamidoamine adhesive (Araldite 
GY 250). This could be attributed to the absence of the interactions between carbonyl and 
hydroxide groups in epoxy resin/polyamine system (Araldite 420 A/B) as compared to the 
epoxy resin/polyamidoamine system (Araldite GY 250). The absence of such interactions 
can lead to higher mobility of polymer chains whereby higher mechanical flexibility of 
adhesive can be achieved. Generally, it is believed that brittle fracture can be avoided by 
variation of mechanical flexibility of the adhesive/epoxy resin. 
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Figure 4.78: XPS survey spectrum of failure region (adhesive side) of a representative destructed cp 
titanium lap shear joint, prepared with sulfuric acid etched samples and epoxy/polyamine adhesive (Araldite 
420 A/B), after accelerated aging in a conditioning cabinet (40°C  1°C, RH ~ 80%, 2160 h) showing trace 
amounts of titanium as well as O, N, C and Si
XPS investigations of the substrate sides revealed that carbon and nitrogen concentrations 
increased in some surface regions (Figure 4.79). However, Ti was also observed in these 
regions. The additional carbon and nitrogen are certainly residues from resin and 
hardener. It follows that in some regions at the surface a cohesive failure occurs within 
the adhesive but close to the adhesive/oxide layer interface. Moreover, the detection of 
TiO2 on the adhesive side suggested that in some regions at the surface a cohesive failure 
within the oxide layer took place. Another possibility to explain this behavior could be 
related to the presence of an interpenetration region on the surface which can form due to 
the oxide morphology Ti2p high resolution XPS spectrum of the substrate side exhibited 
that the oxide layer at the surface contained mainly TiO2 after durability test (Figure 
4.79). Metallic Ti was also observed on the substrate (Figure 4.79). Thus, it is to infer that 
no significant chemical modification and thickening of the oxide layer takes place during 
aging (40°C  1°C, RH ~ 80%, 2160 h).
XPS studies showed that Si was present at low concentration almost on all failure surfaces 
of bonded joints with and without accelerated aging in a conditioning cabinet (40°C 
1°C, RH ~ 80%, 2160 h). Since epoxy/polyamidoamine adhesive (Araldite GY 250) is 
free from silicon containing filler (according to technical data sheet), thus, it is assumed
that the detected Si on the fracture surfaces is present as impurities. In the case of 
adhesive joints, prepared with epoxy/polyamine adhesive (Araldite 420 A/B), Si2p detail
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spectra of fracture surfaces revealed that carbon containing silicon compounds as well as 
SiO2 were present on the surfaces, as given in Table 4.1. Since epoxy/polyamine adhesive 
(Araldite 420 A/B) contains additives such as coupling agent (silane) and filler (silica),
thus, it is possible that silane compounds migrate from adhesive bulk to the substrate 
surface during the curing process as well as accelerated aging. This can be related to 
reaction of silane compounds with adsorbed water at the interface of adhesive joints to 
product silanole compounds, as reported by Plueddemann (104).
The lap shear strength of the bonded joints, prepared with sulfuric acid etched samples,
indicated a slight decrease as compared to that of similar joints without accelerated aging
(Table 4.14). Element concentrations on the substrate side and adhesive side of all cp 
titanium bonded joints, prepared with epoxy/polyamidoamine adhesive (Araldite GY 250) 
and epoxy/polyamine adhesive (Araldite 420 A/B), are given in Table 4.15 and Table 
4.16.
Figure 4.79: XPS survey spectrum of failure region (substrate side) of a representative destructed cp 
titanium lap shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and sulfuric acid 
etched samples, after accelerated aging in a conditioning cabinet (40°C  1°C, RH ~ 80%, 2160 h) showing 
carbon signal with high intensity as well as O, Ti (oxide + metal), N, 
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4.5.2 Lap-Shear Strength and Failure Mode Analysis of 
Ti6Al4 Alloy Adhesive Joints
Aiming at determining the influence of each surface treatment, which was carried out in 
this study, on fracture strength and durability of Ti6Al4V alloy joints, lap-shear tests have 
been performed before and after aging processes. As pointed out in the last section, 
epoxy/polyamine adhesive (Araldite 420 A/B) seems to have better aging properties and it 
is much less brittle than the epoxy/polyamidoamine adhesive (Araldite GY 250). Hence, 
epoxy/polyamine adhesive (Araldite 420 A/B) was used for preparation of Ti6Al4V alloy 
lap-shear joints in order to minimize the aging effect of the adhesive on the bonding 
performance of the bonded joints. As shown in the section 4.4, the aging test in an 
autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h), used only for substrate material, was 
most effective in regard to deterioration of surface coatings in a short time interval as 
compared to other aging tests (e.g. aging test in water or aging test in a conditioning 
cabinet). Thus, the durability tests of Ti6Al4V alloy lap-shear joints were carried out in an
autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h). Before lap-shear test all bonded joints 
were stored in the laboratory under ambient conditions (22°C  2°C, RH ~ 50%) for 24 h 
in order to acclimate the joints. 
4.5.2.1 Lap-Shear Strength and Failure Mode Analysis before Durability 
Test 
The observed failure of lap-shear joints, prepared with alkaline cleaned samples, was 
found to be interfacial by visual observation, i.e. interfacial failure along the 
adhesive/oxide layer (Figure 4.81). XPS analysis showed no enhancement of carbon 
concentration on the substrate side as well as no traces of titanium on the adhesive side of 
destructed Ti6Al4V joints (Table 4.20). This confirms the visual observations.
Figure 4.81: Fracture images of a representative
destructed Ti6Al4V lap shear joint, prepared with
alkaline cleaned samples and epoxy/polyamine adhesive
(Araldite 420 A/B), without accelerated aging showing 
interfacial failure
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Failure in destructively tested joints, prepared with sulfuric acid etched samples, seemed 
to be of a mixed-mode type as noted from visual observation (Figure 4.82).
Figure 4.82: Fracture images of a representative 
destructed Ti6Al4V lap shear joint, prepared with the 
epoxy/polyamine adhesive (Araldite 420 A/B) and sulfuric 
acid etched samples, without accelerated aging showing 
mixed-mode failure (interfacial and cohesion failure)
The XPS analysis of the dark regions of the substrate side showed that the concentrations 
of carbon and nitrogen increased as compared to those of a fresh etched sample in sulfuric 
acid (Figure 4.83, Table 4.20). Nevertheless, titanium was also detected in the dark 
regions on the substrate surface. Therefore, it is to infer that a failure within the adhesive
takes place in the dark surface regions but close to the adhesive/oxide layer interface. On 
the other hand the XPS survey spectrum of the bright regions of the substrate side was 
similar to that of a fresh sulfuric acid etched substrate, which is shown in Figure 4.18A.
Furthermore, titanium was not detected on the adhesive side (Figure 4.83). the XPS 
results confirm a mixed-mode failure of failed joints, prepared with sulfuric acid etched
samples, i.e. adhesive and cohesive mode failure. 
Figure 4.83: XPS survey spectra of failure regions (substrate side & adhesive side) of a representative
destructed Ti6Al4V lap shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and 
sulfuric acid etched samples, without accelerated aging
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SEM micrographs of substrate side of destructively tested joints, prepared with sulfuric 
acid etched samples, indicated that adhesive residues were present on the surface (Figure 
4.84).
Figure 4.84: SEM micrograph of the substrate side of a representative destructively tested Ti6Al4V lap 
shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and sulfuric acid etched
samples, without accelerated aging showing adhesive residue on the surface
In contrast to failed joints, prepared with alkaline cleaned samples, the observed failure of 
destructed Ti6Al4V joints, prepared with alkaline etched samples, was found to be 
predominantly cohesive but some small regions of interfacial failure were also seen, by
visual observation (Figure 4.85).
Figure 4.85: Fracture images of a representative
destructed Ti6Al4V lap shear joint, prepared with the 
epoxy/polyamine adhesive (Araldite 420 A/B) and 
alkaline etched (Turco 5578), without accelerated aging
showing mixed-mode failure (interfacial and cohesion 
failure)
XPS and SEM investigations of fracture surfaces confirmed the visual observations 
(Figure 4.86 and Figure 4.87, Table 4.20). Moreover, no titanium was detected on the 
adhesive side of the destructed joints (Figure 4.86). In studies made by Filbey and 
Wightman (166) as well as by Czarnecki and Rist (167), Ti6Al4V alloy samples were 
alkaline etched (Turco 5578). Lap-shear joints were prepared with epoxy resins. The 
Adhesive
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failure surfaces of the failed joints were analyzed by means of XPS and SEM. They found 
that a cohesive fracture within the adhesive occurred for not aged samples.
Figure 4.86: XPS survey spectra of failure regions (substrate side & adhesive side) of a representative 
destructed Ti6Al4V lap shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and 
alkaline etched (Turco 5578) samples, without accelerated aging showing carbon signal with high intensity 
on the substrate side of failed joints
Figure 4.87: SEM micrograph of the substrate side of a representative destructively tested Ti6Al4V lap
shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and alkaline etched samples,
without accelerated aging showing adhesive residue on the surface
In the case of destructively tested joints bonded joints, prepared with cerium conversion 
coated samples, visual observations of failure surfaces revealed interfacial fracture at the 
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oxide layer (Figure 4.88). However, when XPS analysis was performed on the fracture
surfaces, the adhesive side showed small traces of cerium in some regions (Figure 4.89,
Table 4.21). Additionally, there were some regions on the adhesive side where no cerium 
was detected. The fact that small traces of cerium can be detected on the bondline shows
that the locus of failure has shifted into the cerium-based oxide layer in some regions, i.e. 
breakage within the cerium oxide layer. From these results, it is concluded that a mixed-
mode fracture of Ti6Al4V bonded joints, prepared with cerium conversion coated 
samples, occur. This means interfacial failure at and cohesion failure within the cerium 
coating.
Figure 4.88: Fracture images of a representative
destructed Ti6Al4V lap shear joint, prepared with the
epoxy/polyamine adhesive (Araldite 420 A/B) and cerium 
conversion coated samples, without accelerated aging
showing interfacial failure
Figure 4.89: XPS survey spectra of failure regions (substrate side & adhesive side) of a representative
destructed Ti6Al4V lap shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and 
cerium conversion coated samples, without accelerated aging showing trace amounts of cerium as well as 
O, N and C on the adhesive side
Once again interfacial failures were noted from visual observation of the failure surfaces 
of destructed joints, prepared with anodized samples in cerium-based solution (Figure 
4.90).
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Figure 4.90: Fracture images of a representative
destructed Ti6Al4V lap shear joint, prepared with the 
epoxy/polyamine adhesive (Araldite 420 A/B) and 
anodized samples in cerium-based solution, without 
accelerated aging showing interfacial failure
The XPS analysis of the failed samples showed traces of titanium oxide and cerium oxide 
on the adhesive side and no significant enrichment of carbon and nitrogen on the metal 
side (Figure 4.91). As mentioned in section 4.3.5, anodic cerium oxide layer also contains 
titanium oxide. Hence, besides the cerium oxide, also titanium oxide was detected on the 
adhesive side of the fracture surfaces. Moreover, there were some regions on the bondline 
where no cerium and titanium were observed. As in the case of the joints, prepared with 
conversion coated samples, the bonded specimens, prepared with anodized samples in 
cerium-based solution also show a transfer of the interfacial failure to cohesive fracture in 
the anodic cerium oxide layer, i.e. breakage within the anodic cerium oxide layers. From 
these findings, it is to infer that a mixed-mode failure of destructed Ti6Al4V bonded 
joints, prepared with anodized samples in cerium (IV)-based solution, takes place. This 
means interfacial failure at and cohesion failure within the anodic cerium oxide layer.
Figure 4.91: XPS survey spectra of failure regions (substrate side & adhesive side) of a representative
Ti6Al4V lap shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and anodized
samples in cerium-based solution, without accelerated aging showing trace amounts of cerium as well as N, 
O and C on the adhesive side
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Optical examination of the fracture surfaces of failed joints, prepared with sulfuric acid 
anodized samples, appeared to be an interfacial failure at the oxide layer (Figure 4.92).
The XPS analysis indicated that the adhesive side as well as the substrate side of the 
destructed samples exhibited equivalent survey spectra to those of the adhesive surface 
and a fresh sulfuric acid anodized substrate, which are shown in Figure 4.6 and Figure
4.18A.
Figure 4.92: Fracture images of a representative
destructively tested Ti6Al4V lap shear joint, prepared 
with the epoxy/polyamine adhesive (Araldite 420 A/B)
and sulfuric acid anodized samples, without accelerated 
aging showing interfacial failure
In terms of surface chemical composition, some impurities such as Cl and Na have been 
detected at low concentration on both substrate and adhesive sides of all destructively 
tested joints (Table 4.21), prepared with differently pre-treated samples. It is supposed
that these impurities come on the fracture surfaces from during the lap-shear strength test. 
Besides Cl and Na, also Si was observed at low concentration on the substrate side of all 
failed joints (Table 4.21). As explained in the previous section, it is believed that 
epoxy/polyamine adhesive (Araldite 420 A/B) contains additives such as coupling agent 
(silane) and filler (silica). Thus, it is possible that silane compounds migrate from 
adhesive bulk to the substrate surface during the curing process.
With regard to shear strength, it was found that the shear strength of bonds made from 
alkaline cleaned, sulfuric acid etched and anodized Ti6Al4V alloy were similar. The shear 
strength of the adhesive bonds, prepared with alkaline etched specimens as well as 
anodized samples in cerium-based solution, showed slight higher values as compared to
the other samples. In the case of bonded joints, prepared with cerium conversion coated
samples, the lap shear strength was slightly lower than those of the other adhesive joints,
prepared with the other pre-treated samples. The slight difference in bond strength of all 
pre-treated bonds suggests that the carried out surface pre-treatments have no significant
influence on the bond strength of Ti6Al4V alloy joints. The lap shear strength values for 
all Ti6Al4V bonded joints, prepared with epoxy/polyamine adhesive and differently pre-
treated samples, are given in the Table 4.19.
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Although the lap shear strengths of all joints did not differ considerably, the locus of 
failure changed depending on the surface pre-treatment. As shown above, the failure 
modes of destructed joints, prepared with sulfuric acid and alkaline etched samples, were
changed from interfacial to mixed-mode failure. The change from interfacial failure in the 
case of alkaline cleaning to mixed-mode failure of the bonded joints, prepared with 
sulfuric acid and alkaline etched samples, can be related to the formation of porous-like 
structures and very fine textured surface (nanometer scale) which lead to the enhancement 
of effective surface area as well as to rising the capability to formation of mechanical 
interlocking and chemical bonds in the interface region. In the case of failed joints,
prepared with conversion coated and anodized samples in cerium-based solution, the 
breakage within the cerium-based oxide layer is the main reason for the destruction of the 
adhesive joints. Finally, it is claimed that the decrease of surface roughness after 
anodization in sulfuric acid play a key role in the occurred interfacial failure at the oxide 
layer. Element concentrations on the substrate side and adhesive side of all destructively 
tested Ti6Al4V bonded joints without accelerated aging, prepared with the 
epoxy/polyamine adhesive (Araldite 420A/B) and differently pre-treated samples, are 
given in Table 4.20 and Table 4.21.
4.5.2.2 Lap-Shear Strength and Failure Mode Analysis after Durability 
Test
As in the case of destructed joints without accelerated aging, prepared with alkaline 
cleaned samples, failure after aging procedure (120°C ± 1°C, RH ~98%, 2 bar, 168 h) was 
found to be interfacial by visual observation (Figure 4.93). This finding was confirmed by 
means of SEM (Figure 7.97, Appendix K). Moreover, SEM images of the substrate side 
of the destructed adhesive bonds showed that no surface morphology alteration took place 
during the durability test, i.e. there is no transformation of amorphous titanium oxide into 
anatase crystals detectable (Figure 7.97, Appendix K).
Figure 4.93: Fracture images of a representative
destructed Ti6Al4V lap shear joint, prepared with the 
epoxy/polyamine adhesive (Araldite 420 A/B) and 
alkaline cleaned samples, after accelerated aging in an
autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h) showing 
interfacial failure
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The XPS analysis also confirmed the optical examinations (Figure 4.94). Ti metal was 
detected on the substrate side of the failed joints by XPS (Figure 4.94). This means that 
no significant thickening of the titanium oxide layer at the surface takes place during the 
durability test in an autoclave. Ti2p detail spectrum of the substrate side revealed that the 
titanium oxide layer on the surface contained mainly TiO2 (Figure 4.94) similar to a fresh
alkaline cleaned sample. This means that no significant reduction of TiO2 to other 
titanium oxides such as Ti2O3 or TiO occurs during the aging test of the bonds.
Figure 4.94: XPS survey spectra of failure regions (substrate side & adhesive side) of a representative 
destructed Ti6Al4V lap shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and 
alkaline cleaned samples, after accelerated aging in an autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h)
Interfacial failures were noted from optical examination of the fracture surfaces also for
sulfuric acid etched bonded specimens (Figure 4.95). SEM images also showed no 
adhesive residues on the substrate side of the failure surfaces (Figure 7.98, Appendix K).
Moreover, no surface morphology changing of the substrate side of the destructed
adhesive bonds was observed after durability test in the autoclave (120°C ± 1°C, RH 
~98%, 2 bar, 168 h). 
Figure 4.95: Fracture images of a representative 
destructed Ti6Al4V lap shear joint, prepared with the 
epoxy/polyamine adhesive (Araldite 420 A/B) and 
sulfuric acid etched samples, after accelerated aging in an 
autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h)
showing interfacial failure
1200 1000 800 600 400 200 0
470 465 460 455 450


























4.0 Results and Discussion__________________________________________________
137
 
XPS investigations also confirmed the visual observation (Figure 4.96). Ti2p high 
resolution XPS spectrum of the substrate surface confirmed the presence of Ti metal on 
the surface. It follows that the titanium oxide layer does not grow during the aging test in 
an autoclave within the test period of 168 h. Furthermore, it was found that the titanium 
oxide layer on the substrate side predominantly consisted of TiO2 (Figure 4.96).
Therefore, is it to infer that no remarkable quantitative difference in the chemical 
composition of the titanium oxide layer occurs during the durability test in an autoclave.
From obtained results it is seen that the failure mode of the failed joints, prepared with 
sulfuric acid etched samples, is changed from mixed-mode to adhesive fracture after 
accelerated aging.
Figure 4.96: XPS survey spectra of failure regions (substrate side & adhesive side) of a representative 
destructed Ti6Al4V lap shear joint, prepared with the epoxy/polyamidoamine adhesive (Araldite 420 A/B)
and sulfuric acid etched samples, after accelerated aging in an autoclave (120°C ± 1°C, RH ~98%, 2 bar,
168 h)
In the case of failed joints, prepared with alkaline etched samples, optical observation of 
the fracture surfaces of the joints indicated mixed-mode failure after durability test 
(Figure 4.97).
Figure 4.97: Fracture images of a representative
destructed Ti6Al4V lap shear joint, prepared with the 
epoxy/polyamine adhesive (Araldite 420 A/B) and 
alkaline etched samples, after accelerated aging in an 
autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h) showing 
mixed-mode failure (interfacial and cohesion failure)
1200 1000 800 600 400 200 0
470 465 460 455 450























4.0 Results and Discussion__________________________________________________
138
 
SEM investigations also showed that adhesive residues were present in some regions on 
the substrate surface of the mechanically tested joints (Figure 4.98). Finally, SEM images 
indicated that no crystals formed on the surface during the aging test. This means that no 
transformation of amorphous titanium oxide into anatase crystals takes place during the 
aging test.
Figure 4.98: SEM micrograph of the substrate side of a representative destructively tested Ti6Al4V lap
shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and alkaline etched samples,
after accelerated aging in an autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h) showing adhesive residue on
the surface
The XPS analysis of the substrate side showed an enrichment of carbon and nitrogen as 
compared to a freshly etched surface (Figure 4.99). Additionally, titanium oxide and Ti in 
metallic state were detected on the substrate side. On the other hand small trace amounts
of titanium oxide were detected on the adhesive side of the failed joints. It follows that the 
samples fail partially cohesive. The fact that titanium can be detected on the surface (dark 
zone) suggests that the cohesive failure takes place close to the adhesive/oxide layer 
interface. Furthermore, the detection of Ti metal on the surface exhibits that no thickening 
of the oxide film occurs during the aging test. Ti2p high resolution XPS spectrum of the 
substrate side also showed that titanium oxide film predominantly contained TiO2 (Figure 
4.99). Hence, it is considered that the chemical composition of the titanium oxide layer 
dose not remarkable change during the durability test. The small traces of titanium oxide 
on the adhesive side suggests that in some regions of the surface the locus of failure has
shifted into the titanium oxide layer after durability test. In a study made by Czarnecki 
Adhesive
Adhesive
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and Rist (167), bonded joints were made from Ti6Al4V alloy samples which were alkaline
etched (Turco 5578). The joints were stored in a conditioning cabinet under hot-wet
conditions (70°C, RH ~ 95%) for 5000 h. They investigated the fracture surfaces of the 
joints by XPS and SEM and noted that a mixed-mode failure of the joints occurred after 
durability test.
Figure 4.99: XPS survey spectra of failure regions (substrate side & adhesive side) of a representative 
destructed Ti6Al4V lap shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and 
alkaline etched samples, after accelerated aging in an autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h)
In contrast to joints, prepared with alkaline etched samples, the visual observation of 
fracture surfaces of failed joints, prepared with conversion coated and anodized samples 
in cerium-based solution, revealed interfacial failure (Figure 4.100A and Figure 4.100B).
Substrate surface of destructed joints, prepared with anodized samples in cerium-based 
solution exhibited no color change after aging test in an autoclave (Figure 4.100B).
Figure 4.100: Fracture images of representative destructed Ti6Al4V lap shear joints, prepared with the 
epoxy/polyamine adhesive (Araldite 420 A/B) as well as with A) conversion coated and B) anodized 
samples in cerium-based solution, after accelerated aging in an autoclave (120°C ± 1°C, RH ~98%, 2 bar,
168 h) showing interfacial failure
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SEM micrographs of the substrate side of destructed adhesive joints also showed no 
remarkable change of the surface morphology (Figure 7.99 and Figure 7.100, Appendix 
K). In this context, it is to infer that no significant thickening of the anodic titanium oxide 
film takes place during aging test. SEM images of both substrate sides of destructed 
adhesive bonds, prepared with conversion coated and anodized samples in cerium-based 
solution, showed no alteration of the surface morphology (Figure 7.99 and Figure 7.100,
Appendix K), i.e. no transformation of amorphous titanium oxide into anatase crystals. 
Furthermore, adhesive residues were not detected on the substrate sides of both destructed 
joints which confirms the optical examinations.
The XPS analysis of both adhesive sides of both destructed joints, prepared with 
conversion coated and anodized samples in cerium-based solution, showed small traces of 
cerium in some regions on the bondline (Figure 4.101 and Figure 4.102). Hence, it is 
concluded that a cohesive failure occurs within the cerium conversion coating and anodic 
cerium oxide layer, i.e. breakage within the cerium oxide layers.
Figure 4.101: XPS survey spectra of failure regions (substrate side & adhesive side) of a representative 
destructed Ti6Al4V lap shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and 
cerium conversion coated samples, after accelerated aging in an autoclave (120°C ± 1°C, RH ~98%,2 bar,
168 h) showing trace amounts of cerium as well as N, O and C on the adhesive side
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Figure 4.102: XPS survey spectra of failure regions (substrate side & adhesive side) of a representative 
destructed Ti6Al4V lap shear joint, prepared with the epoxy/polyamidoamine adhesive (Araldite 420 A/B)
and anodized samples in cerium-based solution, after accelerated aging in an autoclave (120°C ± 1°C, RH
~98%, 2 bar, 168 h) showing trace amounts of cerium as well as N, O and C on the adhesive side
Besides regions with cerium traces on top of them, it was also found that there are some 
regions on the adhesive side where no cerium is presence. It follows that both interfacial
failure and cohesion fracture take place within cerium oxide layers of both destructively 
tested Ti6Al4V bonded joints, prepared with conversion coated and anodized samples in 
cerium (IV)-based solution. Considering the sampling depth of XPS (~ 10 nm), Ti2p high 
resolution XPS spectra of both substrate sides showed that the titanium oxide layer 
predominantly consisted of TiO2 after durability test. It follows that the chemical 
composition of the titanium oxide layer is not altered during the aging test. XPS 
investigations of both substrate sides of failed joints, prepared with conversion coated and 
anodized samples in cerium-based solution, indicated that the cerium-based oxide layers 
on both surfaces contained only Ce2O3 and CeO2 was not detected (Figure 4.101 and 
Figure 4.102). In the case of aged cerium coated and anodized samples under the same 
conditions (120°C ± 1°C, RH ~98%, 2 bar, 168 h) without the epoxy resin, both CeO2 and 
Ce2O3 were observed in the cerium-based oxide layers. In this regard, it is assumed that 
redox reactions take place between the cerium oxide film and the adhesive during the 
durability test at elevated temperatures and high moisture which leads to the reduction of 
CeO2 to Ce2O3 in the layer. Since breakage have been observed within both cerium 
conversion coating and anodic cerium oxide layer before durability test, it is concluded 
that the reduction of CeO2 to Ce2O3 in the cerium-based oxide layers most likely has no 
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considerably influence on the cohesion strength of both cerium-based oxide layers. On the 
other hand, one cannot rule out that the reduction of CeO2 to Ce2O3 in the cerium oxide 
layer during accelerated aging test, have no influence on the durability of bonded joints. It 
is possible that such reduction leads to the degradation of chemical bonds at the interface.
In the case of failed adhesive joints, prepared with sulfuric acid anodized samples, optical 
observation of fracture surfaces indicated interfacial failure (Figure 4.103). Substrate 
surface exhibited no color change after aging test in an autoclave (Figure 4.103).
Figure 4.103: Fracture images of a representative
destructed Ti6Al4V lap shear joint, prepared with the 
epoxy/polyamine adhesive (Araldite 420 A/B) and 
sulfuric acid anodized samples, after accelerated aging in 
an autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h)
showing interfacial failure
SEM images of the substrate side of destructively tested joints also showed no remarkable 
change of the surface morphology as compared to that of a fresh prepared sample. In this 
regard, it is to infer that no significant thickening of the anodic titanium oxide film takes
place during aging test. SEM micrographs showed no epoxy resin residues on the 
substrate side of the destructed joints. Furthermore, morphology alteration was not 
observed on the substrate surface of the bonded specimens by SEM.
The XPS analysis of both substrate side and adhesive side of failed joints, prepared with 
sulfuric acid anodized samples, also confirmed the visual examinations (Figure 4.104).
Considering the sampling depth of XPS, Ti2p high resolution XPS spectrum of the 
substrate side of the destructed joints exhibited that the titanium oxide layer consisted
mainly of TiO2 (Figure 4.104). This means that the chemical composition of the titanium 
oxide film is not changed (within 10 nm) during the durability test. 
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Figure 4.104: XPS survey spectra of failure regions (substrate side & adhesive side) of a representative
destructed Ti6Al4V lap shear joint, prepared with the epoxy/polyamidoamine adhesive (Araldite 420 A/B)
and sulfuric acid anodized samples, after accelerated aging in an autoclave (120°C ± 1°C, RH ~98%, 2 bar,
168 h)
In terms of surface chemical composition, the XPS analysis showed that Cl and Na have 
been detected at low concentration as impurity on both substrate and adhesive sides of all
destructively tested adhesive joints, prepared with differently pre-treated samples. Since 
these impurities were also detected on the fracture surfaces of all bonded joints without 
accelerated aging, it is to infer that these impurities were adsorbed on the fracture surfaces 
from ambient air during the lap-shear test and they did not diffuse to the interface of the 
adhesive joints during the accelerated aging test in the autoclave. Besides Cl and Na, also 
Si was indentified on all fracture surfaces of failed bonded joints. It was found that the 
concentration of Si on the substrate side significantly increased after durability test in an 
autoclave as compared to the concentration of Si on the substrate side of the destructed
adhesive joints without accelerated aging. This finding was also observed in the case of 
bonded joints which were stored in hot deionized water (98°C) for 40 days (Table 4.24).
The gravimetric analysis of these joints has shown that the weight of the joints increased 
after storing in hot deionized water (Table 4.25). This result may suggest that water 
molecules partially diffuse to the interface of bonded joints and partially absorb by the 
adhesive (water uptake). Si2p high resolution XPS spectra of substrate sides revealed that 
SiO2 and organically bounded silicon (silane) were present on the surface, as given in 
Table 4.1. It is well established that silane compounds from an adhesive are capable to 
migrate to a hydrophilic surface where they can react with adsorbed water molecules to 
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product silanol groups (104). In view of obtained results and previous works, it is believed 
that the enhancement of moisture at the interface of the joints causes the increase of 
hydrophilic character in this region and thereby increases the migration rate of silane 
compounds to the interface in order to react with water molecules to product silanole.
Element concentrations on the substrate and adhesive side of all Ti6Al4V boded joints,
prepared with epoxy/polyamine adhesive (Araldite 40A/B), after accelerated aging in an 
autoclave and hot water, are given in Table 4.22.
With regard to shear strength, lap-shear tests showed that the tensile transverse resistance 
of all adhesive joints, prepared with differently pre-treated samples, significantly 
decreased after durability test in an autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h). The 
joints, prepared with alkaline etched samples, indicated the highest lap shear strength 
which was significantly higher than the lap shear strength for all other bonded joints,
prepared with other pre-treated samples. On the other hand the lap shear strength of 
bonded joints, prepared with alkaline cleaned, cerium conversion coated, sulfuric acid 
anodized specimens as well as anodized samples in cerium-based solution, were not 
significantly different. The lap shear strength of the joints, prepared with sulfuric acid 
etched samples, exhibited a slightly higher shear strength value than those for above-
mentioned joints. The lap shear strength values are given in Table 4.19.
In terms of failure mode, optical examination, XPS and SEM studies of aged adhesive 
joints revealed that a mixed-mode failure occurred only in the case of the joints which 
were prepared with alkaline etched samples. It is proposed that the fine surface structures 
on a scale of a few nanometers at the surface formed during the alkaline etching lead to 
the enhancement of average surface roughness and surface energy, thus, increase the
effective surface area which contribute to the increase of chemically active sites on the 
surface and enhancement of its ability to forming chemical bonds. These aspects may
responsible for the significantly better durability results of these bonded joints as 
compared to other adhesive joints, prepared with other pre-treated samples. In the case of 
conversion coated and anodized bonds in cerium-based solution, the breakage within both 
cerium-based oxide layers can contribute to the reduction of the durability of these 
bonded specimens. The durability decrease of sulfuric acid anodized bonds can be 
partially attributed to the reduction of surface roughness after anodization process which 
may lead to the decrease of effective surface area and therefore the decrease of active sites 
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on the surface. Besides above-mention reasons, also some general influence factors for 
the low of the aging resistance of the adhesive joints will be discussed in the following. 
It is well known that water absorption can lead both to plasticization effects and chemical 
modification of the epoxy resin (128,228). In this study, IR measurements of the aged 
epoxy/polyamine adhesive (Araldite 420 A/B) in an autoclave exhibited no remarkable 
chemical modification as compared to the epoxy/polyamine adhesive (Araldite 420 A/B)
without accelerated aging. On the other hand, the gravimetric analysis of bonded joints, 
prepared with epoxy/polyamine adhesive (Araldite 420 A/B), showed an increasing in 
weight of the joints which were stored in hot deionized water (Table 4.25). This may 
suggest the diffusion of water molecules to the joint interface and the absorption of their 
by the adhesive (Araldite 420 A/B). It is believed that as in the case of stored joints in hot 
deionized water, similar water uptake process takes place for the stored joints in an 
autoclave. In view of this, the decrease of the shear strength of all bonded joints, prepared 
with differently pre-treated samples, could be partially attributed to the plasticization 
effects of the epoxy/polyamine adhesive (Araldite 420 A/B).
It is also well known by previous studies (39,128) that degradation of chemical bonds 
(irreversible hydrolysis of chemical bonds) can occur across the interface at elevated 
temperatures and high moisture. Furthermore, it is well established that the diffusion of 
water molecules into the interface of bonded joints is accelerated at elevated temperatures 
which leads to destroying of secondary forces of attraction between the adhesive and the 
oxide layer. As mentioned above, increasing weight of bonded joints, stored in hot 
deionized water, suggests the diffusion of water into the interface of joints and water 
uptake by adhesive. In this regard, it is supposed that an additionally reason for the 
decreasing of shear strength as well as for the interfacial failure of the joints, prepared 
with alkaline cleaned, sulfuric acid etched and anodized samples, after accelerated aging 
under hydrothermal conditions are the irreversible hydrolysis of chemical bonds and the 
destroying of secondary interaction across the interface by water. In the case of alkaline
etched bonded specimens, the above-mentioned reasons may have a poor effect on the 
decrease of lap shear strength because of higher chemically active sites on the surface as 
compared to other pre-treated samples.
As shown by means of SEM studies (Appendix K), surface morphology of the substrate 
sides of all destructed adhesive joints did not change after the durability test in an 
autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h). In a study made by Assefpour-Dezfuly 
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et al. (218), adhesive joints were prepared with an epoxy resin and chromium acid anodized 
samples. These joints were immersed in water at 80°C for 120 h. The substrate side of 
fracture surfaces was investigated by SEM. They found no evidence of the formation of 
crystals at the epoxy-titanium interface. It is well known that adhesives have a stabilizing 
influence on aluminum oxide layers by formation of chemical bonds at the interface 
between the oxide and the adhesive (229). In this regard, it is proposed that the used 
epoxy/polyamine adhesive (Araldite 420 A/B) in this study has a kinetic stabilization
effect on titanium oxide layers by formation of chemical bonds at the interface which 
leads to the deceleration of crystal formation on the surface. Moreover, it is postulated 
that the slow diffusion of water into the interface of bonded joints and the partially 
absorption of it by the epoxy resin during the aging test additionally leads to the depletion 
of water at the interface as compared to not bonded samples. This may also lead to 
deceleration of the transformation of amorphous titanium oxide into crystal structures. In 
this regard, it is believed that distributed water molecules at the interface of bonded joints 
are not able to initiate the transformation of amorphous titanium oxide into crystal 
structures and water clusters are required for such a transformation. Generally, the phase 
transition (amorphouscrystalline) is an important aspect in regard to the durability of 
titanium adhesive joints because it causes a strong change in the surface morphology 
which can lead to crack formation and change of volume in the interphase of adhesive 
joint. Furthermore, in the case of porous surface structure, such strong change in the 
surface morphology leads to the loss of mechanical interlocking between substrate and 
adhesive.
Aiming at determining the stabilizing influence of the epoxy resin on titanium oxide layer 
regarding its transformation into crystal structures, an alkaline cleaned Ti6Al4V alloy 
specimen was coated with the epoxy/polyamine adhesive (Araldite 420 A/B). After curing 
process of the adhesive, the sample was immersed in water at 50°C ± 1 for 336 h and than 
stored in an autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h). The adhesive was removed 
from the sample surface after aging test. SEM investigations of the substrate showed that 
in some regions of the surface a morphology change took place after this treatment, i.e. 
transformation of amorphous titanium oxide into crystal structures (Figure 4.105 and 
Figure 4.106). The obtained result confirms that the epoxy resin has a kinetic stabilization
influence on titanium oxide layer regarding its morphology alteration.
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Figure 4.105: SEM micrographs of alkaline cleaned Ti6Al4V alloy substrate, coated with the
epoxy/polyamine adhesive (Araldite 420 A/B), after accelerated aging in water (50°C ± 1, 336 h) and in an 
autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h) showing change of the surface morphology
Figure 4.106: SEM micrographs of alkaline cleaned Ti6Al4V alloy substrate, coated with the
epoxy/polyamine adhesive (Araldite 420 A/B), after accelerated aging in water (50°C ± 1, 336 h) and in an 
autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h) showing formation of crystals on the surface
No evidence of crystal formation on the substrate side of all destructed adhesive joints,
prepared with differently pre-treated samples, was observed after durability test in an 
autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h). Hence, bonded joints, prepared with the 
epoxy/polyamine adhesive (Araldite 420 A/B) and sulfuric acid etched and cerium 
A
A
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conversion coated samples, were immersed in water at 98°C ± 1°C for 960 h, with the aim 
to determine the influence of surface morphology change (crystal formation) on shear 
strength and failure mode type of the adhesive joints. All bonded specimens were 
weighted before and after immersion in water in order to assess the concentration of water 
in the epoxy resin and at the interface. Finally, the adhesive joints were stored in oven at 
45°C ± 1°C for 24 h and were weighted again. Finally, lap-shear tests were carried out in
order to determine the bond performance and failure mode of the bonded joints. 
As regards the concentration of water in the bulk adhesive and at the interface, it was 
found that the water uptake in the case of joints, prepared with cerium conversion coated 
samples, was higher than in the case of the joints, prepared with sulfuric acid etched
samples, after immersion in water (98°C ± 1°C, 960 h) (Table 4.25). It was also noted that 
the joints, prepared with cerium conversion coated samples, still weighted more than the 
adhesive bonds, prepared with sulfuric acid etched samples, after drying in oven (45°C ± 
1°C, 24 h) (Table 4.25). After lap-shear tests, visual observation of the substrate side of
failed joints, prepared with cerium conversion coated samples, revealed a water film on 
the surface which evaporated very fast (a few second) from the surface. In the case of the 
joints, prepared with sulfuric acid etched samples, no water film was observed on the 
substrate side by optical examination. As shown in section 4.3.4.1, on the surface with
cerium conversion coating the concentration of carbon is higher as compared to sulfuric 
acid etched surfaces. This is related to the enrichment/segregation of carbonate-like and 
hydrocarbon compounds. On the other hand contact angle measurements showed that the 
surface energy decreased after cerium conversion treatment as compared to sulfuric acid 
etched substrates (Table 4.11). In this context, it is believed that the hydrocarbon 
compounds are poorly attached to the surface (physisorption) and they absorb by the 
adhesive while the carbonate compounds are strongly attached to the surface 
(chemisorption) and they cannot absorb by the adhesive. This may mean that the 
interaction of carbonate compounds with the diffused water molecules into the interface
via hydrogen bonds leads to the formation of a water film at the interface of the bonded 
joints. Another explanation for the formation of the water film across the interface of the 
adhesive bonds, prepared with cerium conversion coated samples, could be related to the 
higher OH group density on the cerium oxide film as compared to the titanium oxide layer 
(87) which can interact with water molecules after absorption of the adsorbed carbon 
compounds on the surface by the adhesive. Because the presence of the carbon 
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compounds can disrupt the interactions of OH groups with the water molecules.
Generally, it is well known that the presence of water film at the interface of bonded 
joints may be accelerate the alteration of chemical composition and morphology of oxide 
layers on metals as well as the degradation of chemical bonds along the interface (231).
These have certainly negative effects on the durability of adhesive joints.
Visual observation of the fracture surfaces of both joints, prepared with cerium 
conversion coated and sulfuric acid etched samples, revealed interfacial failure (Figure 
4.107A and Figure 4.107B). This finding was confirmed by means of SEM investigations 
(Figure 7.101 and Figure 7.102, Appendix K). Furthermore, SEM images of the substrate 
side of both joints, prepared with conversion coated and sulfuric acid etched samples, 
showed no evidence of crystal formation on the surface. This means that no 
transformation of amorphous titanium oxide into crystal structures takes place during the 
aging test in water at 98°C ± 1°C (960 h). 
Figure 4.107: Fracture images of a representative destructed Ti6Al4V lap shear joints, prepared with the 
epoxy/polyamine adhesive (Araldite 420 A/B) as well as with A) sulfuric acid etched and B) cerium 
conversion coated samples, after accelerated aging in water (98°C ± 1°C, 960 h) showing interfacial failure
The XPS analysis of the substrate side of both destructively tested joints, prepared with
cerium conversion coated and sulfuric acid etched samples, indicated no significant
enrichment of carbon and nitrogen on the surface (Table 4.24). Moreover, XPS 
investigations of the adhesive side of failed joints, prepared with sulfuric acid etched 
samples, exhibited no titanium oxide on the bondline. In the case of the joints, prepared 
with cerium conversion coated samples, trace amount of cerium was observed in some 
regions on the adhesive side, however, there were some regions where no cerium was 
detected. From these findings, it is considered that both interfacial failure at and cohesion 
fracture within cerium oxide layer occur. In the case of the joints, prepared with sulfuric 
acid etched samples, it seems to take place an interfacial failure at titanium oxide layer.
Ti2p detail spectra of both substrate surfaces showed Ti metal on the surface. This means 
that no significant thickening of titanium oxide layer takes place during the durability test. 
A B
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Furthermore, it was found that the titanium oxide layer on both substrate side of both
failed bonded joints, prepared with cerium conversion coated and acidic etched samples,
predominantly consisted of TiO2. The Ce3d high resolution XPS spectrum of the substrate 
side of failed joints, prepared with cerium coated samples, revealed only Ce2O3 on the 
surface, The Ce3d high resolution XPS spectrum of this sample was similar to that shown 
in Figure 4.102. This result suggests the reduction of CeO2 to Ce2O3 in the cerium oxide 
layer, as shown earlier in the case of bonded joints, prepared with cerium coated, after 
accelerated aging in an autoclave (120°C ± 1°C, RH ~98%, 2 bar, 168 h). As mentioned
in section 4.3.4.1, it is assumed that CeO2 is located near the surface of the cerium 
conversion coating. Therefore, it is believed that the reduction of CeO2 to Ce2O3 in the 
cerium oxide layer during the aging test in hot water (98°C) can negatively affect the 
durability of bonded joints (e.g. degradation of chemical bonds at the interface). Finally, 
the gravimetric analysis of these joints has shown that the weight of the joints increased 
after storing in hot deionized water (Table 4.25). This result may suggest that water 
molecules partially diffuse to the interface of bonded joints and partially absorb by the 
adhesive (water uptake).
Lap-shear tests showed that the shear strength of the joints, prepared with cerium 
conversion coated and sulfuric acid etched samples, drastically decreased after aging in 
water (98°C ± 1°C, 960 h) as compared to the same bonded joints before durability test 
(Table 4.19). Since no morphology change of the surface was occurred after storing the 
joints in hot deionized water, thus, it is believed that a reason for the decrease of lap-shear 
strength of the joints is related partially to the plasticization effects of the 
epoxy/polyamine adhesive (Araldite 420 A/B) in hot water (98°C). Another reason for the 
reduction of lap shear strength and the occurrence of adhesive fracture across the interface 
of both joints, prepared with cerium conversion coated and acidic etched samples, might 
be due to the degradation of chemical bonds across the interface at elevated temperatures 
and high moisture as well as to the presence of water molecules at the interface which can 
destroy secondary forces between oxide film and adhesive, as shown by earlier studies 
(39,128). The slightly lower shear strength of the adhesive bonds, prepared with cerium 
conversion coated samples, as compared to the joints, prepared with acidic etched
samples, can be attributed to the higher water concentration along the interface of the 
bonded specimens, prepared with cerium conversion coated samples as compared to the 
joints, prepared with sulfuric acid etched samples.
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5.0 Summary and Conclusions
The main objective of this thesis was the development and characterization of 
environmental friendly pre-treatment of Ti6Al4V prior to adhesive bonding using a
conversion coating and an anodization process based on a cerium (IV) salt, namely 
ammonium cerium (IV) sulfate dihydrate. The fundamental purpose of this study was to 
determine the influence of the above-mentioned surface treatments on the aging 
mechanisms of titanium oxide layer as well as on the degradation reactions of epoxy 
resin/Ti6Al4V adhesive bonded system. Additionally, cp titanium (Grade 1 in ASTM 
classification) was used as reference material in order to investigate the influence of the 
alloying elements Al and V in the Ti6Al4V alloy on the structure formation during 
surface pre-treatments as well as on the aging mechanisms of titanium oxide layer.
Before conversion coating and anodization in ammonium cerium (IV) sulfate dihydrate
solution, an etching process in 6.2 M sulfuric acid, was carried out in order to remove the 
non-uniform native oxide layer at the surface. Moreover, it was carried out to generate 
microstructures and to increase roughness on the surface in order to improve the 
performance of bonded joints by mechanical interlocking and enhancement of effective 
surface area, i.e. enhancement of chemically active sites on the surface and increase of its 
ability to forming chemical bonds. Finally, sulfuric acid anodization and alkaline etching 
(Turco 5578) were performed as comparison processes to sulfuric acid etching and 
anodization in ammonium cerium (IV) sulfate dihydrate solution in order to compare 
surface chemical compositions as well as oxide morphologies.
With respect to surface chemical composition, XPS investigations have shown that 
sulfuric acid etching causes no significant chemical modification of both Ti6Al4V alloy 
and cp titanium surfaces as compared to alkaline cleaned samples. In contrast to sulfuric 
acid etched samples, XPS studies of alkaline etched Ti6Al4V alloy and cp titanium 
surfaces have shown that iron is present at low concentration on the surface. The detected 
Fe on both surfaces comes from bulk material and is enriched on the surface during the 
etching process. It is supposed that the detected Fe on the surface did not have any 
decisive influence on the bond strength and durability of the jonts. High resolution XPS 
spectra have indicated that titanium oxide films at the surfaces after sulfuric acid and 
alkaline etching consist mainly of TiO2. Furthermore, Ti2O3 and TiO are detected in the 
layer in the interface region between metal and oxide.
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The XPS analysis of Ti6Al4V alloy and cp titanium surfaces after cerium conversion 
coating have indicated that the deposited cerium layer consists of Ce2O3 and CeO2.
Additionally, it was found that the cerium conversion coatings on both substrate surfaces 
contain mainly Ce2O3. As with cerium conversion coatings, anodic cerium-based layers 
on both Ti6Al4V alloy and cp titanium surfaces contain Ce2O3 and CeO2. In contrast to 
cerium conversion coatings, the anodic cerium-oxide layers consist mainly of CeO2.
Considering the sampling depth of XPS (~ 10 nm), the investigations have revealed that 
both anodic titanium oxide layers at both sample surfaces generated in cerium-based 
solution consists of TiO2 only. XPS results indicated that the carbon content on the 
surface significantly increase after conversion coating and anodization in ammonium 
cerium (IV) sulfate dihydrate solution. The enhancement of carbon concentration on the 
surface is mainly related to the formation of hydrocarbon and carbonate-like compounds
on the surface whereby the adhesion properties of the surface is negatively affected.
Chemical composition of anodic titanium oxide layers formed by sulfuric acid
anodization is similar to that of anodic titanium oxide films generated by anodization in 
ammonium cerium (IV) sulfate dihydrate solution. From obtained results, it is to infer that 
the alloying elements Al and V in the Ti6Al4V alloy have no significant effect on all 
examined surface pre-treatments. 
In terms of surface morphology, SEM investigations have shown that sulfuric acid etching 
produces porous-like structures (> 100 nm) on both Ti6Al4V alloy and cp titanium 
surfaces. TEM analysis has revealed that the naturally formed titanium oxide layers on 
both substrates are predominantly amorphous with a thickness less than 10 nm. TEM 
images have also shown that the titanium oxide layers have a compact and non-porous
structure. In contrast to sulfuric acid etched samples, alkaline etched Ti6Al4V alloy and 
cp titanium samples reveal very fine surface morphology on a scale of a few nanometers. 
SEM micrographs have shown that the surface morphology retains after cerium 
conversion coating. TEM images have revealed that cerium conversion films form on top 
of titanium oxide layers at both Ti6Al4V alloy and cp titanium surfaces. As in the case of 
titanium oxide layer, cerium conversion coatings (thickness 2-4 nm) on both sample 
surfaces are predominantly amorphous and show compact and non-porous structure. TEM 
investigations have shown that the thickness of both titanium oxide layers on both 
substrate surfaces increase during anodization process in ammonium cerium (IV) sulfate 
dihydrate solution (thickness: ~ 50 nm) and ultrathin cerium oxide layers (2-4 nm) form 
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on top of them. As expected from the different lattice structure of both oxides, no 
intermixed layer was formed. In contrast to cerium conversion coatings, the anodic 
obtained cerium oxide layers on both substrates are partially crystalline and have a 
compact structure. TEM images have exhibited that both anodic titanium oxide layers on 
both Ti6Al4V alloy and cp titanium surfaces contain some voids which might negatively 
affect the cohesion strength of such layers. TEM images of sulfuric acid anodized samples 
have shown that the thickness of titanium oxide layers is about 50 nm and they exhibit a 
compact and non-porous structure. In contrast to titanium oxide layers formed in cerium-
based solution, the oxide films generated in sulfuric acid are predominantly amorphous 
and contain no voids.
With respect to surface roughness, the investigations have shown that the roughness of the 
surface remarkably increase after etching in 6.2 M sulfuric acid and alkaline-based 
solution (Turco 5578). This finding might be attributed to the formation of porous-like 
structures on the surface as well as to the generation of a fine surface texture during the 
etching processes. On the other hand anodization in sulfuric acid and cerium-based 
solution cause a smoothing effect of the surface due to the thickening of the titanium 
oxide layer. 
In view of wettability, surface energy measurements have revealed that alkaline etching 
leads to a significant better wettability as compared to other surface treatments. This 
result can be related to the higher effective surface area of alkaline etched samples than 
sulfuric acid etched, cerium conversion coated, sulfuric acid anodized and in cerium-
based solution anodized samples. The results have also indicated that conversion coated 
and anodized surfaces in ammonium cerium (IV) sulfate dihydrate solution exhibit much 
lower surface energy as compared to sulfuric acid etched, alkaline etched and sulfuric 
acid anodized surfaces. This finding can be attributed to the rising carbon content on the 
surface due to the cerium-based oxide layer formed on top of titanium oxide film which 
has higher tendency toward adsorption of carbonate-like compounds from ambient air as 
compared to titanium oxide layer. 
In respect of hydrogen embrittlement, XRD measurements have shown that a hydrogen-
embrittled layer is formed close to the surface of cp titanium after sulfuric acid etching. 
However, a hydrogen-embrittled layer was not observed near the surface of sulfuric acid 
etched Ti6Al4V alloy substrate. Furthermore, no hydrogen embrittlement was detected in 
the case of alkaline etched Ti6Al4V alloy and cp titanium. Lap-shear tests of cp titanium 
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joints, prepared with sulfuric acid etched samples, after aging test at relative high
temperature (40°C) and high moisture (RH: ~80%) have revealed that a brittle fracture 
within the hydrogen-embrittled layer occurs. However, a brittle fracture was not detected, 
in the case of similar joints which were stored in the laboratory under ambient conditions.
In view of this, it is believed that at elevated temperatures and high moisture the 
incubation time of crack formation is reduced as well as the crack propagation is 
accelerated in the hydrogen-embrittled layer which lead to a faster brittle fracture of the 
adhesive joints. The results have also shown that it is possible to delay the brittle fracture 
of bonded joints by variation of the flexibility of epoxy resin adhesives.
With relation to aging behavior of surface/oxide layers, aging tests under hot-wet
conditions have shown that amorphous titanium oxide transforms into crystal structures 
(anatase) and thereby the surface lost its metallic luster. It was found that both cerium 
conversion coating and anodic cerium oxide layer have kinetic inhibition effect on the 
conversion of amorphous titanium oxide into anatase crystals. It is proposed that the 
kinetic inhibition Influence of cerium-based oxide layer is due to the better barrier 
properties and resistance of it against moisture as compared to titanium oxide layer. 
Although, alkaline etching causes no considerably chemical modification of the surface. 
The carried out investigations of aged samples suggest that a kinetic stabilization of the 
amorphous titanium oxide layer on alkaline etched surfaces is achieved, i.e. a delay of 
transformation of amorphous titanium oxide into crystal structures. This finding might be 
related to the change of the activation energy of the phase transformation of amorphous to 
crystal. This could be achieved whilst the thin amorphous titanium oxide layer (< 10 nm) 
follows the fine textured surface morphology (a scale of a few nanometers) which was 
generated by alkaline etching (Turco 5578). In view of this, it is postulated that the 
change of the activation energy of the phase transformation is possible, when fine surface 
morphology are generated and ultrathin amorphous titanium oxide layers (< 10 nm) 
follow it. This may kinetically inhibit the transformation of amorphous titanium oxide 
into crystals.
Lap-shear tests of adhesive joints have shown that all examined surface treatments cause 
no remarkable improvement of shear strength of Ti6Al4V adhesive joints. However, the 
investigations of failure surfaces have exhibited that the locus of failure changes 
depending on the surface pre-treatment. XPS and SEM analysis have shown that a mixed-
mode failure of the Ti6Al4V bonded joints, prepared with sulfuric acid and alkaline 
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etched samples, occurs. This result may be attributed to the surface morphology and 
increase of the effective surface area which lead to rising the capability to form
mechanical interlocking and chemical bonds in the interface region. In the case of bonded 
joints, prepared with conversion coated and anodized samples in cerium-based solution, 
XPS examinations of fracture surfaces have revealed that interfacial failure at the oxide
layer as well as failure within the cerium oxide layers occur. This finding suggests that the
ultrathin cerium oxide layers (< 10 nm), generated in Ce(IV)-based solution, have low 
cohesion strength and can negatively affected the bond strength of the joints.
In terms of durability of bonded joints, it was found that the alkaline etching causes a 
significant better durability of the joints (significantly higher shear strength and mixed-
mode failure) as compared to other surface pre-treatments which were used in this work. 
As mentioned above, this finding may be related to the enhancement of the effective 
surface area due to the surface morphology and high surface roughness. On the other 
hand, the bond strength values and failure surfaces of the adhesive joints, prepared with 
sulfuric acid etched and anodized specimens as well as conversion coated and anodized
samples in Ce(IV)-based solution, suggest that such surface pre-treatments cause no 
significant improvement of the durability of Ti6Al4V alloy joints. This effect might be 
attributed to the smaller effective surface area of all surface pre-treated samples as 
compared to the effective surface of alkaline etched specimens which strongly depends on
surface roughness and structure. In the case of Ti6Al4V alloy joints, prepared with 
conversion coated and anodized samples in Ce(IV)-based solution, low cohesion strength 
of cerium oxide layer on the surface could be an additional reason for poor durability of 
the joints. SEM investigations of the substrate side of the failure surfaces of all adhesive 
joints have exhibited that no transformation of amorphous titanium oxide into crystal
structures takes place during hydrothermal aging. This consequence may be related to the 
kinetic stabilization influence of the adhesive on titanium oxide layer due to the formation 
of chemical bonds in the interface region. This could mean that degradation of titanium 
adhesive joints consists of two steps. The first step would be the hydrolysis of chemical 
bonds at the interface. As second step, the transformation of amorphous titanium oxide 
into titanium crystal modifications (e.g. anatase/rutile) takes place.
The following general conclusions can be drawn from the obtained results. Ultrathin and 
compact cerium oxide based films (< 10 nm) can kinetically inhibit hydrothermal aging of 
titanium oxide layers and thereby enhance the aging resistance of titanium oxide. It is 
5.0 Summary and Conclusions______________________________________________
165
 
proposed that this finding relates to the better barrier properties and resistance of such 
layers against hydrothermal effects as compared to titanium oxide layers. On the other 
hand, ultrathin cerium oxide layers (< 10 nm) are not a qualified basis layer on titanium 
and titanium alloys for adhesive bonding applications due to their low cohesion strength 
as well as their high affinity to carbon compounds from ambient air.
It is well known that high cohesion strength, high aging resistance and high chemical 
reactivity of anodic titanium oxide layers on titanium and titanium alloys play key roles
for adhesive bonding applications and the improvement of durability of bonded joints. In 
this thesis, it was found that a lot of voids were formed within anodic titanium oxide layer
which was generated by anodization in cerium (IV)-based solution. In this context, future 
studies should focus on the investigation of void formation as well as of its influence on
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7.1 C1s high resolution XPS spectra of pre-treated Ti6Al4V alloy 
samples
Figure 7.1: C1s high resolution XPS spectra Ti6Al4V alloy: A) after alkaline 
cleaning (SurTec 152), B) after sulfuric acid etching, C) after alkaline etching
(Turco 5578), D) after cerium conversion coating, E) after sulfuric acid 
anodization, F) after anodization in ammonium cerium (IV) sulfate dihydrate 
solution
7.2 O1s high resolution XPS spectra of pre-treated Ti6Al4V alloy 
samples
Figure 7.2: O1s high resolution XPS spectra Ti6Al4V alloy: A) after alkaline 
cleaning (SurTec 152), B) after etching in 6.2 M sulfuric acid, C) after 
alkaline etching (Turco 5578), D) after cerium conversion coating in 1 wt.% 
ammonium cerium (IV) sulfate dihydrate solution, E) after anodization in 0.5 





7.3 Ti2p high resolution XPS spectra of pre-treated Ti6Al4V alloy 
samples
Figure 7.3: Ti2p high resolution XPS spectra Ti6Al4V alloy: A) after alkaline 
cleaning (SurTec 152), B) after etching in 6.2 M sulfuric acid, C) after 
alkaline etching (Turco 5578), D) after cerium conversion coating in 1 wt.% 
ammonium cerium (IV) sulfate dihydrate solution, E) after anodization in 0.5 
M sulfuric acid, F) after anodization in 1 wt.% ammonium cerium (IV) sulfate 
dihydrate solution
7.4 Ce3d high resolution XPS spectra of pre-treated Ti6Al4V alloy 
samples
Figure 7.4: Ce3d high resolution XPS spectra Ti6Al4V alloy: A)
after cerium conversion coating in 1 wt.% ammonium cerium (IV) 
sulfate dihydrate solution B) after anodization in 1 1 wt.% 




7.5 C1s high resolution XPS spectra of pre-treated cp titanium 
samples
Figure 7.5: C1s high resolution XPS spectra Ti6Al4V alloy: A)* after 
alkaline cleaning (SurTec 152), B)* after etching in 6.2 M sulfuric acid, C)*
after alkaline etching (Turco 5578), D)* after cerium conversion coating in 1 
wt.% ammonium cerium (IV) sulfate dihydrate solution, E)* after 
anodization in 0.5 M sulfuric acid, F)* after anodization in 1 wt.% 
ammonium cerium (IV) sulfate dihydrate solution
7.6 O1s high resolution XPS spectra of pre-treated cp titanium 
samples
Figure 7.6: O1s high resolution XPS spectra Ti6Al4V alloy: A)* after 
alkaline cleaning (SurTec 152), B)* after etching in 6.2 M sulfuric acid, C)*
after alkaline etching (Turco 5578), D)* after cerium conversion coating in 1 
wt.% ammonium cerium (IV) sulfate dihydrate solution, E)* after anodization 
in 0.5 M sulfuric acid, F)* after anodization in 1 wt.% ammonium cerium 




7.7 Ti2p high resolution XPS spectra of pre-treated cp titanium 
samples
Figure 7.7: Ti2p high resolution XPS spectra Ti6Al4V alloy: A)* after 
alkaline cleaning (SurTec 152), B)* after etching in 6.2 M sulfuric acid, C)*
after alkaline etching (Turco 5578), D)* after cerium conversion coating in 1 
wt.% ammonium cerium (IV) sulfate dihydrate solution, E)* after anodization 
in 0.5 M sulfuric acid, F)* after anodization in 1 wt.% ammonium cerium 
(IV) sulfate dihydrate solution
7.8 Ce3d high resolution XPS spectra of pre-treated cp titanium 
samples
Figure 7.8: Ce3d high resolution XPS spectra Ti6Al4V alloy: A*) 
after cerium conversion coating in 1 wt.% ammonium cerium (IV) 
sulfate dihydrate solution, B*) after anodization in in 1 wt.%





7.9 ToF-SIMS spectra of anodized Ti6Al4V alloy in cerium-based
solution
Figure 7.9: Positive ToF-SIMS spectra of Ti6Al4V alloy after anodization in 1 wt.% ammonium cerium 
(IV) sulfate dihydrate solution showing carbon and cerium compounds on the surface
Figure 7.10: Negative ToF-SIMS spectrum of Ti6Al4V alloy after anodization in 1 wt.% ammonium 
cerium (IV) sulfate dihydrate solution showing carbon, cerium and sulfur compounds on the surface














































































































Table 7.1: Positive and negative fragments obtained by means of ToF-SISM investigations of Ti6Al4V 
alloy after anodization in 1 wt.% ammonium cerium (IV) sulfate dihydrate solution
Positive Fragments Negative Fragments
Fragment Measured Mass (m/z) Fragment Measured Mass (m/z)
C2H4+ 28.030 CH 13.008
CHO+ 29.001 CH2 14.015
CH3O+ 31.018 O 15.994
C3H3+ 39.022 OH 17.002
C3H5+ 41.039 C2 23.999
C2H3O+ 43.018 C2H 25.008
Ti+ 47.944 CN 26.005
C4H5+ 53.038 S 31.969
C3H3O+ 55.018 Cl 34.970
C4H8+ 55.054 C2HO 41.004
C4H9+ 57.072 CNO 41.996
C5H7+ 67.056 C2H3O 43.019
C4H5O+ 69.037 CO2 43.990
C4H7O+ 71.053 CHO2 44.998
C6H9+ 81.085 SO 47.967
C6H13+ 85.104 C2H3O2 59.014
Ce+ 139.900 CO3 59.985
CeH+ 140.907 SO2 63.967
CeO+ 155.898 SO3 79.959
CeOH+ 156.903 SO4 95.950
C2HCe+ 164.906 CeO 155.891
C2H2Ce+ 165.914 CeO2 171.896
CH2OCe+ 169.913 CeO2OH 188.782













7.10 ToF-SIMS spectra of pre-treated cp titanium samples
Figure 7.11: Positive ToF-SIMS spectra of cp titanium after cerium conversion coating in 1 wt.% 
ammonium cerium (IV) sulfate dihydrate solution showing carbon and cerium compounds on the surface
Figure 7.12: Negative ToF-SIMS spectrum of cp titanium after cerium conversion coating in 1 wt.% 
ammonium cerium (IV) sulfate dihydrate solution showing carbon, cerium and sulfur compounds on the 
surface






























































Table 7.2: Positive and negative fragments obtained by means of ToF-SISM investigations of cp titanium 
after conversion coating in 1 wt.% ammonium cerium (IV) sulfate dihydrate solution
Positive Fragments Negative Fragments
Fragment Measured Mass (m/z) Fragment Measured Mass (m/z)
C2H4+ 28.030 C 11.999
C2H5+ 29.030 CH 13.008
CH3O+ 31.018 CH2 14.015
C3H5+ 41.039 O 15.994
C3H6+ 42.029 OH 17.002
C2H3O+ 43.018 C2 23.999
C3H8+ 44.058 C2H 25.008
C4H2+ 50.013 CN 26.005
C4H4+ 52.030 S 31.969
C4H8+ 55.054 Cl 34.970
C4H5O+ 69.037 C2HO 41.004
C4H7O+ 71.053 CNO 41.996
Ce+ 139.900 C2H3O 43.019
CeH+ 140.907 CO2 43.990
CeO+ 155.898 CHO2 44.998
CeOH+ 156.903 SO 47.967
C2HCe+ 164.906 C2H3O2 59.014
CeO2+ 171.889 CO3 59.985
CeO2H+ 172.904 SO2 63.967
CeH2O2+ 173.916 SO3 79.959
Ce2O2+ 311.796 SO4 95.950
Ce2O2H+ 312.808 CeO 155.891
Ce2H2O2+ 313.800 CeO2 171.896
Ce2O3+ 327.794 CeO2OH 188.782






Figure 7.13: Positive ToF-SIMS spectra of cp titanium after anodization in 1 wt.% ammonium cerium (IV) 
sulfate dihydrate solution showing carbon and cerium compounds on the surface



























































Figure 7.14: negative ToF-SIMS spectrum of cp titanium after anodization in 1 wt.% ammonium cerium 
(IV) sulfate dihydrate solution showing cerium, carbon and sulfur compounds on the surface




















Table 7.3: Positive and negative fragments obtained by means of ToF-SISM investigations of cp titanium 
after anodization in 1 wt.% ammonium cerium (IV) sulfate dihydrate solution
Positive Fragments Negative Fragments
Fragment Measured Mass (m/z) Fragment Measured Mass (m/z)
C2H4+ 28.030 CH 13.008
CHO+ 29.001 CH2 14.015
CH3O+ 31.018 O 15.994
C3H3+ 39.022 OH 17.002
C3H5+ 41.039 C2 23.999
C2H3O+ 43.018 C2H 25.008
Ti+ 47.944 CN 26.005
C4H5+ 53.038 S 31.969
C3H3O+ 55.018 Cl 34.970
C4H8+ 55.054 C2HO 41.004
C4H9+ 57.072 CNO 41.996
C5H7+ 67.056 C2H3O 43.019
C4H5O+ 69.037 CO2 43.990
C4H7O+ 71.053 CHO2 44.998
C6H9+ 81.085 SO 47.967
C6H13+ 85.104 C2H3O2 59.014
Ce+ 139.900 CO3 59.985
CeH+ 140.907 SO2 63.967
CeO+ 155.898 SO3 79.959
CeOH+ 156.903 SO4 95.950
C2HCe+ 164.906 CeO 155.891
C2H2Ce+ 165.914 CeO2 171.896
CH2OCe+ 169.913 CeO2OH 188.782














7.11 SEM micrographs of pre-treated Ti6Al4V alloy samples
Figure 7.15: SEM micrograph of Ti6Al4V alloy after alkaline cleaning (SurTec 152)
Figure 7.16: SEM micrograph of Ti6Al4V alloy after alkaline cleaning (SurTec 152) showing relatively 




Figure 7.17: SEM micrograph of Ti6Al4V alloy after etching in 6.2 M sulfuric acid
Figure 7.18: Cross-sectional SEM micrograph of Ti6Al4V alloy after etching in 6.2 M sulfuric acid




Figure 7.19: SEM micrograph of Ti6Al4V alloy after alkaline etching (Turco 5578)
Figure 7.20: SEM micrograph of Ti6Al4V alloy after alkaline etching (Turco 5578) showing anisotropic 




Figure 7.21: SEM micrograph of Ti6Al4V alloy after anodization in 1 wt.% ammonium cerium (IV) sulfate 
dihydrate solution showing formation of pit-like structures on the anodic titanium oxide layer
Figure 7.22: SEM micrograph of Ti6Al4V alloy after anodization in 1 wt.% ammonium cerium (IV) sulfate 




Figure 7.23: SEM micrograph of Ti6Al4V alloy after anodization in 0.5 M sulfuric acid showing porous 
shaped structures on the surface
7.12 SEM micrographs of pre-treated cp Titanium samples




Figure 7.25: SEM micrograph of cp titanium after alkaline cleaning (SurTec 152)




Figure 7.27: : SEM micrograph of cp titanium after alkaline etching (Turco 5578)
Figure 7.28: SEM micrograph of cp titanium after alkaline etching (Turco 5578) showing anisotropic 




Figure 7.29: SEM micrograph of immersed cp titanium in 1 wt.% cerium (III) acetate hydrate solution
showing formation of very small white regions (nanometer scale) of cerium oxide on the surface
Figure 7.30: SEM micrograph of cp titanium after cerium conversion coating in 1 wt.% ammonium cerium 
(IV) sulfate dihydrate solution showing no significant change in the surface morphology after conversion 




Figure 7.31: SEM micrograph of cp titanium after anodization in 1 wt.% ammonium cerium (IV) sulfate 
dihydrate solution showing formation of very fine surface texture on a scale of a few nanometers on the 
anodic titanium oxide surface
Figure 7.32: SEM micrograph of cp titanium after anodization in 1 wt.% ammonium cerium (IV) sulfate 
dihydrate solution showing formation of very fine surface texture on a scale of a few nanometers on the 




Figure 7.33: SEM micrograph of cp titanium after anodization in 0.5 M sulfuric acid showing lamellar and 





7.13 Cross-sectional TEM and STEM micrographs of pre-treated 
Ti6Al4V alloy samples
Figure 7.34: Cross-sectional TEM micrograph of Ti6Al4V alloy after alkaline cleaning (SurTec 152)




Figure 7.36: Cross-sectional TEM micrograph of Ti6Al4V alloy after etching in 6.2 M sulfuric acid
Figure 7.37: Cross-sectional TEM micrograph of Ti6Al4V alloy after etching in 6.2 M sulfuric acid







Figure 7.38: Cross-sectional STEM micrograph of Ti6Al4V alloy after cerium conversion coating in 1 
wt.% ammonium cerium (IV) sulfate dihydrate solution
Figure  7.39: Cross-sectional TEM micrograph of Ti6Al4V alloy after cerium conversion coating in 1 wt.% 





Figure 7.40: Cross-sectional STEM micrograph of Ti6Al4V alloy after anodization in 1 wt.% ammonium 
cerium (IV) sulfate dihydrate solution
Figure 7.41: Cross-sectional TEM micrograph of Ti6Al4V alloy after anodization in 1 wt.% ammonium 
cerium (IV) sulfate dihydrate solution showing formation of amorphous titanium oxide film as well as of 





Figure 7.42: Cross-sectional STEM micrograph of Ti6Al4V alloy after anodization in 0.5 M sulfuric acid
Figure 7.43: Cross-sectional TEM micrograph of Ti6Al4V alloy after anodization in 0.5 M sulfuric acid





7.14 Cross-sectional TEM and STEM micrographs of pre-treated cp 
Titanium samples
Figure 7.44: Cross-sectional TEM micrograph of cp titanium after alkaline cleaning (SurTec 152)
Figure 7.45: Cross-sectional TEM micrograph of cp titanium after alkaline cleaning (SurTec 152) showing 







Figure 7.46: Cross-sectional TEM micrograph of cp titanium after etching in 6.2 M sulfuric acid
Figure 7.47: Cross-sectional TEM micrograph of cp titanium after etching in 6.2 M sulfuric acid showing 







Figure 7.48: Cross-sectional TEM micrograph of cp titanium after anodization in 1 wt.% ammonium 
cerium (IV) sulfate dihydrate solution showing formation of voids within titanium oxide layer
Figure 7.49: Cross-sectional TEM micrograph of cp titanium after anodization in 1 wt.% ammonium 






Figure 7.50: Cross-sectional STEM micrograph of cp titanium after anodization in 1 wt.% ammonium 
cerium (IV) sulfate dehydrate showing formation of voids within titanium oxide layer
Figure 7.51: Cross-sectional TEM micrograph of cp titanium after anodization in 1 wt.% ammonium 







7.16 X-Ray Diffraction patterns of pre-treated Ti6Al4V alloy samples
Figure 7.52: X-Ray Diffraction patterns of Ti6Al4V alloy A) after alkaline cleaning, B) after etching in 6.2 
M sulfuric acid, C) after alkaline etching (Turco 5578)
7.17 X-Ray Diffraction patterns of pre-treated cp titanium samples
Figure 7.53: X-Ray Diffraction patterns of cp titanium A) after alkaline cleaning (SurTec 152), B) after 





7.18 Electron tomography of cp titanium samples after etching in 6.2 
M sulfuric acid 
Figure 7.54: 3D renderings of hydrogen-embrittled layer formed near surface area after etching of cp 
titanium in 6.2 M sulfuric acid
Figure 7.55: 2D renderings of hydrogen-embrittled layer formed near surface area after etching of cp 








7.19 SEM micrographs of pre-treated Ti6Al4V alloy samples after
accelerated aging in hot water (80°C, 48 h)
Figure 7.56: SEM micrograph of alkaline cleaned Ti6Al4V alloy (SurTec 152) after accelerated aging in 
hot water (80°C, 48 h) showing formation of needle shaped crystals (anatase)
Figure 7.57: SEM micrograph of alkaline cleaned Ti6Al4V alloy (SurTec 152) after accelerated aging in 




Figure 7.58: SEM micrograph of etched Ti6Al4V alloy in 6.2 M sulfuric acid after accelerated aging in hot 
water (80°C, 48 h) showing formation of needle shaped crystals (anatase)
Figure 7.59: SEM micrograph of etched Ti6Al4V alloy in 6.2 M sulfuric acid after accelerated aging in hot 




Figure 7.60: SEM micrograph of alkaline etched (Turco 5578) Ti6Al4V alloy after accelerated aging in hot 
water (80°C, 48 h) showing formation of needle structures on a scale of a few nanometers at low 
concentration on the surface
Figure 7.61: SEM micrograph of alkaline etched (Turco 5578) Ti6Al4V alloy after accelerated aging in hot 
water (80°C, 48 h) showing formation of needle structures on a scale of a few nanometers at low 




Figure 7.62: SEM micrograph of anodized Ti6Al4V alloy in 1 wt.% ammonium sulfate dihydrate after 
accelerated aging in hot water (80°C, 48 h) showing no crystals on the surface
Figure 7.63: SEM micrograph of anodized Ti6Al4V alloy in 0.5 M sulfuric acid after accelerated aging in 




7.20 SEM micrographs of pre-treated cp titanium samples after 
accelerated aging in hot water (80°C, 48 h)
Figure 7.64: SEM micrograph of alkaline cleaned cp titanium (SurTec 152) after accelerated aging in hot
water (80°C, 48 h) showing formation of needle shaped crystals (anatase)
Figure 7.65: SEM micrograph of etched cp titanium in 6.2 M sulfuric acid after accelerated aging in hot 




Figure 7.66: SEM micrograph of alkaline etched (Turco 5578) cp titanium after accelerated aging in hot 
water (80°C, 48 h) showing formation of needle structures on a scale of a few nanometers at low 
concentration on the surface
Figure 7.67: SEM micrograph of cerium conversion coated cp titanium in 1 wt.% ammonium sulfate 




Figure 7.68: SEM micrograph of anodized cp titanium in 1 wt.% ammonium sulfate dihydrate after
accelerated aging in hot water (80°C, 48 h) showing no crystals on the surface
Figure 7.69: SEM micrograph of anodized cp titanium in 0.5 M sulfuric acid after accelerated aging in hot 




7.21 SEM micrographs of pre-treated Ti6Al4V alloy samples after 
accelerated aging in an autoclave (120°C, RH ~98 %, 2 bar, 48 h)
Figure 7.70: SEM micrograph of alkaline cleaned Ti6Al4V alloy (SurTec 152) after accelerated aging in an 
autoclave (120°C, RH ~98%, 2 bar, 48 h) showing formation of needle shaped crystals (anatase)
Figure 7.71: SEM micrograph of etched Ti6Al4V alloy in 6.2 M sulfuric acid after accelerated aging in an 




Figure 7.72: SEM micrograph of anodized Ti6Al4V alloy in 0.5 M sulfuric acid after accelerated aging in 
an autoclave (120°C, RH ~98%, 2 bar, 48 h) showing formation of needle shaped crystals (anatase)
Figure 7.73: SEM micrograph of anodized Ti6Al4V alloy in 0.5 M sulfuric acid after accelerated aging in 




7.22 SEM micrographs of pre-treated Ti6Al4V alloy samples after 
accelerated aging in an autoclave (120°C ± 1 °C, RH ~98 %, 2 bar, 168 
h)
Figure 7.74: SEM micrograph of alkaline cleaned Ti6Al4V alloy (SurTec 152) after accelerated aging in an 
autoclave (120°C, RH ~98%, 2 bar, 168 h) showing formation of needle shaped crystals (anatase)
Figure 7.75: SEM micrograph of etched Ti6Al4V alloy in 6.2 M sulfuric acid after accelerated aging in an 




Figure  7.76: SEM micrograph of cerium conversion coated Ti6Al4V alloy in 1 wt.% ammonium sulfate 
dihydrate after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 168 h) showing no crystals on
the surface
Figure 7.77: SEM micrograph of cerium conversion coated Ti6Al4V alloy in 1 wt.% ammonium sulfate 





Figure 7.78: SEM micrograph of anodized Ti6Al4V alloy in 0.5 M sulfuric acid after accelerated aging in 





7.23 TEM micrographs and EDX spectra of pre-treated Ti6Al4V alloy 
samples after accelerated aging in an autoclave (120°C, RH ~98 %, 2
bar, 48 h)
Figure 7.79: Cross-sectional TEM micrograph of alkaline cleaned Ti6Al4V alloy (SurTec 152) after 
accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 48 h) showing formation of needle shaped 
crystals (anatase)
Figure 7.80: Cross-sectional TEM micrograph of alkaline cleaned Ti6Al4V alloy (SurTec 152) after 










Figure 7.81: Cross-sectional TEM micrograph of etched Ti6Al4V alloy in 6.2 M sulfuric acid after
accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 48 h) showing formation of needle shaped 
crystals (anatase)
Figure 7.82: Cross-sectional TEM micrograph of etched Ti6Al4V alloy in 6.2 M sulfuric acid after














Figure 7.83: Cross-sectional TEM micrograph of cerium conversion coated Ti6Al4V alloy in 1 wt.% 
ammonium sulfate dihydrate after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 48 h)
showing no crystals on the surface
Figure 7.84: Cross-sectional TEM micrograph of cerium conversion coated Ti6Al4V alloy in 1 wt.% 
ammonium sulfate dihydrate after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 48 h)












Figure 7.85: EDX spectra of cerium conversion coated Ti6Al4V alloy in 1 wt.% ammonium sulfate 
dihydrate after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 48 h)
Figure 7.86: EDX spectra of cerium conversion coated Ti6Al4V alloy in 1 wt.% ammonium sulfate 




Figure 7.87: Cross-sectional TEM micrograph of anodized Ti6Al4V alloy in 1 wt.% ammonium sulfate 
dihydrate after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 48 h)
Figure 7.88: Cross-sectional TEM micrograph of anodized Ti6Al4V alloy in 1 wt.% ammonium sulfate 
dihydrate after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 48 h) showing formation of 








Figure 7.89: EDX spectra of anodized Ti6Al4V alloy in 1 wt.% ammonium sulfate dihydrate after
accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 48 h) showing cerium within the porous
titanium oxide layer
Figure 7.90: EDX spectra of anodized Ti6Al4V alloy in 1 wt.% ammonium sulfate dihydrate after




Figure 7.91: Cross-sectional TEM micrograph of anodized Ti6Al4V alloy in 0.5 M sulfuric acid after
accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 48 h) showing formation of needle shaped 
crystals (anatase)
Figure 7.92: Cross-sectional TEM micrograph of anodized Ti6Al4V alloy in 0.5 M sulfuric acid after 















7.24 Micro Raman spectra of pre-treated Ti6Al4V alloy samples after 
accelerated aging in an autoclave (120°C ± 1 °C, RH ~98 %, 2 bar, 168 
h)
Figure 7.93: Raman spectra of A) anatase powder (Reference), B) 
alkaline cleaned Ti6Al4V alloy after accelerated aging (120°C ± 1 °C, 
RH ~98 %, 2 bar, 168 h), C) acidic etched Ti6Al4V alloy after 
accelerated aging (120°C ± 1 °C, RH ~98 %, 2 bar, 168 h), D) cerium 
conversion coated Ti6Al4V alloy after accelerated aging (120°C ± 1 
°C, RH ~98 %, 2 bar, 168 h), E) sulfuric acid anodized Ti6Al4V alloy
after accelerated aging (120°C ± 1 °C, RH ~98 %, 2 bar, 168 h), F) 
anodized Ti6Al4V alloy in cerium-based solution after accelerated 
aging (120°C ± 1 °C, RH ~98 %, 2 bar, 168 h)
7.25 Micro Raman spectra of pre-treated cp titanium samples after 
accelerated aging in hot water (80°C, 48h)
Figure 7.94: Raman spectra of A) anatase powder (Reference), B) 
alkaline cleaned cp titanium after accelerated aging (80°C,48 h), C) 
acidic etched cp titanium after accelerated aging (80°C,48 h), D) 
cerium conversion coated cp titanium after accelerated aging (80°C,48
h), E) sulfuric acid anodized cp titanium after accelerated aging
(80°C,48 h), F) anodized cp titanium in cerium-based solution after 





7.26 Photo images of pre-treated Ti6Al4V alloy samples without 
accelerated aging 
Figure 7.95: Photo images of Ti6Al4V alloy A) after alkaline cleaning (SurTec 152), B) after etching in 6.2 
M sulfuric acid at 80°C for 15 min, C) after conversion coating in 1 wt.% ammonium cerium sulfate 
dihydrate at 45°C for 5 min
7.27 Photo images of pre-treated Ti6Al4V alloy samples after 
accelerated aging in an autoclave (120°C ± 1 °C, RH ~98 %, 2 bar, 168 
h)
Figure 7.96: Photo images of Ti6Al4V alloy A) after alkaline cleaning (SurTec 152), B) after etching in 6.2 
M sulfuric acid at 80°C for 15 min, C) after conversion coating in 1 wt.% ammonium cerium sulfate 





7.28 SEM micrographs of the substrate sides of destructed Ti6Al4V 
alloy adhesive joints after accelerated aging in an autoclave (120°C ± 1 
°C, RH ~98 %, 2 bar, 168 h)
Figure 7.97: SEM micrograph of the substrate side of a representative destructively tested Ti6Al4V lap 
shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and alkaline cleaned samples,
after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 168 h) showing no adhesive residue as 
well as no crystals on the surface
Figure 7.98: SEM micrograph of the substrate side of a representative destructively tested Ti6Al4V lap 
shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and sulfuric acid etched
samples, after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 168 h) showing no adhesive




Figure 7.99: SEM micrograph of the substrate side of a representative destructively tested Ti6Al4V lap 
shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and cerium conversion coated
samples, after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 168 h) showing no adhesive 
residue as well as no crystals on the surface
Figure 7.100: SEM micrograph of the substrate side of a representative destructively tested Ti6Al4V lap 
shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and in cerium-based solution 
anodized samples, after accelerated aging in an autoclave (120°C, RH ~98%, 2 bar, 168 h) showing no 




7.29 SEM micrographs of the substrate sides of Ti6Al4V alloy 
adhesive joints after accelerated aging in water at 98°C ± 1°C for 968 h 
Figure 7.101: SEM micrograph of the substrate side of a representative destructively tested Ti6Al4V lap 
shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and sulfuric acid etched
samples, after accelerated aging in hot water (98°C, 960 h) showing no adhesive residue as well as no 
crystals on the surface
Figure 7.102: SEM micrograph of the substrate side of a representative destructively tested Ti6Al4V lap 
shear joint, prepared with the epoxy/polyamine adhesive (Araldite 420 A/B) and cerium conversion coated
samples, after accelerated aging in hot water (98°C, 960 h) showing no adhesive residue as well as no 





7.30 SEM images of FIB preparation procedure of Ti6Al4V alloy
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Lamellar sample
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